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ABSTRACT 


The  "Fuels  and  Lubricants  Influence  on  Turbine  Engine  Design  and  Perfor- 
mance" (FLITE)  programs  was  a study  to  evaluate  the  influence  of  fuel  tempera- 
ture limits  and  engine  lubricant  temperature  limits  01  installed  interceptor 
performance  at  the  airframe  subsystem  and  engine  component  level.  Engine 
cycles,  representative  of  technology  levels  necessary  to  provide  high  Mach, 
steady-state  cruise  capability  in  the  1980  time  period,  were  selected.  Defi- 
nition of  these  concepts  permitted  evaluation  of  engine  performance  as  a 
function  of  fuel  and  lubricant  properties  and  temperature  limitations. 

Install'd  performance  increments  then  were  determined  for  advanced  interceptors 
usin  , r^.  -off  gross  weight  in  a fixed  mission  role  as  the  primary  figure  of 
merit.  Inis  allowed  r measure  of  the  relative  performance  significance  of 
airframe  subsystem  and  engine  component  design  charges.  The  relative  allot- 
ment of  available  fuel  heat  sink  between  engine  and  airframe  was  also  investi- 
gated to  determine  the  primary  factors  affected  by  fuel  interface  temperature 
which  may  influence  aircraft  performance,  and  to  provide  meaningful  design 
guidance  for  future  systems  application.  Results  of  the  program  indicate 
that  JP-5/8  fuel  and  hIL-L-27502  lubricant/hydraulic  fluid  meet  the  minimum 
requirements  for  a Mach  3+  interceptor  while  a fuel  with  JP-7  thermal  stability 
and  a 500°  F ester  lubricant/hydraulic  fluid  are  recommended  for  advanced 
aircraft  systems  in  the  Mach  4+  category.  Above  a minimum  level  the  influence 
of  bulk  oil  temperature  has  only  secondary  influence  on  interceptor  performance. 
The  use  of  precooled  fuel  provides  an  attractive  option  to  achieve  a direct 
reduction  in  aircraft  size  and  weight.  'Hie  key  factor  to  the  future  success 
of  advanced  aircraft/engine  systems  is  the  integrated  systems  approach  to 
thermal  management. 
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SECTION  I 


INTRODUCTION 


Advanced  interceptor  systems,  responsive  to  the  anticipated  Continental 
United  States  (CONUS)  defense  needs  in  the  1980' s,  are  representative  of  a 
new  generation  of  aircraft  capable  of  operation  in  the  high  speed  elevated 
temperature  environment.  In  order  to  provide  the  excellent  flight  performance 
and  adequate  thermal  protection  systems  necessary  for  timely  aircraft  introduc- 
tion and  mission  success,  several  major  systems  and  program  technical  issues 
are  currently  being  investigated  on  an  exploratory  and  advanced  development 
basis.  One  of  these  hey  issues  is  advanced  engine  design  and  cycle  definition. 
As  a parallel  step,  it  becomes  pertinent  to  address  the  performance  and  thermal 
capabilities  provided  through  use  of  selected  fuels  and  lubricants,  identify 
the  impact  of  fuel  and  lubricant  selection  on  engine  and  vehicle  performance, 
and  assess  the  impact  of  variations  in  engine/airframe  interface  temperatures 
and  maximum  fluid  temperatures  in  the  engine. 

This  report  summarizes  a two  year  study  program  performed  by  the  General 
Electric  Company  (GE)  under  Air  Force  Contract  F33615-71-C-1512  entitled,  Fuels 
and  Lubricants  Influence  on  Turbine  Engine  Design  and  Performance  (FLITE) . 

The  objective  of  tills  program  was  to  provide  a measure  of  installed  performance 
capabilities  for  high  speed  advanced  turbine  engine  cycles  as  a function  of 
fuel  and  lubricant  design  temperature  limitations  and  material  capabilities. 

The  study  approach  was  to  match  advanced  engine  and  aircraft  designs  for 
each  of  two  defined  mission  profiles  using  specific  fluid  capabilities  as  a 
design  baseline.  The  resulting  engine  airframe  designs  were  then  modified  to 
exploit  the  advantages  of  candidate  fluids  and  identify  potential  improvements. 
The  mission  analysis  included  the  use  of  two  families  of  fuels  and  four  lubri- 
cants. Results  were  measured  in  terras  of  engine  weight,  engine  performance 
improvement,  and  aircraft  take-off  gross  weight  (TOGW)  on  a fixed  mission 
basis. 

In  support  of  the  General  Electric  Company,  the  McDonnell  Aircraft  Company 
(MCA/R)  was  employed  as  a subcontractor.  Engine  cycles,  representative  of 
technology  levels  corresponding  to  Mach  3+  and  Mach  4+  capabilities  in  the  I960 
time  period  were  selected  to  permit  evaluation  of  engine  performance  as  a 
function  of  fuel  and  lubricant  properties  and  temperature  limitations. 

This  program  fulfilled  all  the  desired  objectives  and  identified  the 
relative  performance  capabilities  associated  with  current  fuels  and  lubricants. 
In  addition,  several  development  alternatives  are  identified  to  provide  im- 
provements in  air  defense  capabilities  for  the  next  generation  of  advanced 
manned  interceptors. 
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SECTION  II 


SUMMARY 


This  report  presents  the  results  of  the  two  year  effort  on  the  Fuels  and 
Lubricants  Influence  on  Turbine  Engine  design  and  Performance  Pregram  (ELITE) 
and  represents  the  cooperation  of  the  General  Electric  Company  (GE)  and  the 
McDonnell  Aircraft  Company  (MCAIR)  in  the  determination  of  the  applicable 
engine  and  aircraft  performance  criteria.  Presented  herein  are  the  results  of 
the  Mach  3+  interceptor  studies  (Mission  A)  a1  d the  Mach  4+  (Mission  B) 
interceptor  studies. 

MISSION  A 

The  GE16/FLITE  engine  was  selected  for  usa  in  the  Mach  3+  mission  inter- 
ceptors. This  engine  is  a duct-burning  turbofan  with  a low  bypass  ratio, 
moderate  cycle  pressure  ratio,  and  high  turbine  inlet  temperature. 

Fuels  representing  the  thermal  stability  classes  of  JP-5/8  and  JP-7  were 
evaluated  at  a maximum  engine/airframe  fuel  interface  of  250°  F in  conjunction 
with  a matrix  of  four  engine  lubricants  to  determine  their  effects  on  engine 
weight  and  performance.  These  fluids  and  projected  temperature  capabilities 
are  presented  below: 


GE16/FLITE  FLUID  TEMPERATURE 
LIMITATIONS 


Fuels 


Temperatures  (°  F) 


.TP-5/8  325 

JP-7  700 


Lubricants 


Mil-L-27502  425 
500“  F Ester  500 
Polyphenyl  Ether  575 
Per fluorinated  Polyetber  550 


The  resulting  engine  performance  and  '-eights  were  then  used  to  perform 
the  interceptors  in  the  selected  flight  profile.  The  lightest  study  inter- 
ceptors were  obtained  with  the  JP-7  class  fuel  and  either  the  500°  F ester 
or  the  polyphenyl  ether  lubricants.  However,  the  use  of  JF-5  resulted  in  a 
weight  penalty  of  only  950  lb,  which  when  coupled  with  the  relative  cost  and 
availability  of  JP-5/8  as  compared  to  JP-7,  provided  the  most  practical  concept. 


Interceptor  weight  variations  achieved  through  the  use  of  the  four 
lubricants  were  of  second  order  effect.  The  perf luorinated  polyether  was  the 
only  lubricant  which  resulted  in  a significant  weight  penalty  of  approximately 
400  pounds.  The  increase  in  weight  for  perf luorinated  polyether  results  from 
engine  lubrication  and  fluid  power  system  design  changes  to  accommodate  its 
low  bulk  modulus  and  high,  vapor  pressure.  The  weight  differences  for  the 
other  lubricants  are  approximately  5C  pounds,  which  when  compared  to  the 
70,000  pound  class  interceptor,  cannot  be  considered  sufficient  to  select  a 
"best"  lubricant  on  a sulk  temperature  basis.  Final  selection  would  , therefore, 
require  detailed  investigation  of  lubrication  and  hydraulic  system  design 
variables  a3  a function  of  fluid  properties. 

The  use  of  fuel  recirculation  to  the  aircraft  main  feed  tanks  to  prevent, 
engine  3ystem  overtemperatur e conditions  was  established  as  a practical  con- 
cept. With  minimum  complexity  involved,  this  technique  permits  the  transition 
from  high  Mach  number  cruise  to  flight  ^lie-descent  without  violating  engine 
system  fluid  thermal  stability  criteria. 

Additional  interceptors  were  evaluated  for  the  Mach  3+  mission  to  assess 
the  effects  of  higher  interface  temperatures  and  to  assess  the  benefits  of  pre- 
cooled fuel.  By  using  an  ambient  temperature  JP-7  class  fuel  and  increasing 
the  interface  temperature  to  350°  F,  sufficient  fuel  heat  sink  is  available 
to  permit,  considerable  simplicar.ion  of  the  aircraft  environmental  control 
system  (ECS)  ana  elimination  of  EC£  ram  air.  The  resulting  interceptor 
indicates  a weight  savings  of  260  pounds  relative  to  the  use  of  JP-7  at  an 
interface  temperature  of  250°  F. 

Use  of  preceded  fuel  permits  additional  environmental  control  system 
simplification  through  the  elimination  of  the  air  cycle  refrigeration  package 
and  the  use  of  a direct  fuel  heat  sink.  In  conjunction  with  a higher  fuel 
density,  this  results  in  a 4500  lb  reduction  in  T0GW  when  compared  to  the 
JP-7,  250°  F interface  temperature  interceptor, 

MISSION  B 

The  same  matrix  of  fuels  and  Lubricants  is  evaluated  in  Mission  D as  In 
Mission  A.  However,  Luc  fuel  temperature  capabilities  in  l'uu  engine  were  In- 
creased to  47  ,i°  F for  JP-5/8  and  1000°  F for  JP-7  to  reflect,  a later  projected 
initial  operational  capability  (ICC)  date,  and  the  anticipated  availability 
of  engine  cleaning  technique.,  and  improved  fuel  properties.  The  1000"  F 
limit  for  JP-7  nl"-o  reflects  design  of  the  engine  system  uc  minimize  fuel 
resilience  time  at.  temperature,  thereby  controlling  total  deposit  formation. 

The  influence  of  engine/ sir et  im.;  fuel  Interface  temperature  on  both  airf ’■•’me 
subsystem  and  engine  performance  was  determined  for  JP-5  at  150°  F and  250"  F 
and  for  JP-7  at.  25C°  F and  30  t.  The  lightest  study  interceptor  from  the 
matrix  of  fuel,  lubricant,  an!  1 v. efface  combinations  considered  is  obtained 
with  JP-7  fuel,  polyphenyl  ether  engine  lubricant,  and  a 350°  F fuel  inter- 
face temperature.  This  interceptor  is  2300  rb  lighter  than  the  JP-5/8  fueled, 
150°  F fuel  interface  temperature  concept.  All  of  the  Mission  B interceptors 
are  in  the  80,000  lb  class  TOGW  Lange. 


A trend  of  decreasing  interceptor  weight  with  increasing  fuel  interface 
temperature  was  noted  for  both  the  JP-5/8  and  JP-7  fueled  concepts.  This 
trend  indicated  the  benefits  of  maximizing  the  airframe  fuel  heat  sink  allot- 
ment relative  to  that  of  the  engine  within  the  particular  engine  inlet  tempera- 
ture .limitations.  The  engine  inlet  temperature  limitations  would  be  based  on 
engine  fuel  pump  inlet  requirements,  material  temperature  limitations,  and 
lubricant/hydraulic  fluid  constraints. 

Lubricant  selection  was  of  second  order  effect  for  Mission  3.  Perfluori- 
nated  polyether  was  the  only  lubricant  which  resulted  i.i  significant  interceptor 
weight  penalties  (approximately  1200  lb;.  The  engine  fuel  recircula' ion  concept 
was  also  effectively  applied  during  the  flight  idle-descent  phases  of  Mission 

B. 


Additional  Mission  B evaluations  were  performed  to  evaluate  the  effects 
of  (1)  using  precooled  fuel  and  (2)  cooling  engine  iniet  structure  using  the 
fuel  heat  sink.  Pre.o.odcd  fuel  provides  significant  reductions  in  ECS  weight. 
Ir  conjunction  with  increased  fuel  density,  this  results  in  a TOGW  reduction 
of  3000  lb  when  compared  to  the  lightest  ambient  fueled  configuration.  This 
illustrates  the  benefits  which  may  ba  obtained  through  the  use  of  precooled 
fuel.  Cooling  the  engine  inlet  structure  would  have  significant  impact  on 
inlet  weight  if  a conventional  high  temperature  structural  material  were  used 
In  its  fabrication. 

Mach  3+  and  Mach  4+  class  systems  are  attainable  with  current  fuel  and 
lubricant  state  of  the  art  using  the  advanced  engine  technology  noted  herein. 
Use  of  airplane  size  and  weight  as  a figure  of  merit  for  fixed  mission  per- 
formance indicates  that  lubricant  selection  effects  are  second  order  as  com- 
pared to  the  fuel  selection  and  variations  in  allowable  fuel  temperature. 
Significant  reductions  in  ECS  weight  and  complexity  can  be  realized  by  allow- 
ing higher  engine/airframe  fuel  interface  temperatures,  thereby  providing  more 
efficient  thermal  management  of  fuel  heat  sink. 

A JP-5/8  class  of  fuel  is  recommended  for  the  Macli  3+  interceptor  and  a 
IP-7  class  of  fue.l  is  recommended  for  the  Mach  4+  interceptor.  No  specific 
lubricant  recommendations  can  be  made  on  the  b isis  of  the  weight  sensitivities. 
Lubricant  selection  is  more  appropriately  based  on  a wider  view  of  relative 
operational  service  lire  and  cleaning/recycle  i equirements  attendant  to  a 
specific  engine  design. 

The  results  noted  above  can  also  be  apnliet1  to  near  term  operational 
systems.  Higher  environmental  and  secondary  coding  loads  associated  with 
advanced  avionics  and  control  technologies,  combined  with  ir., proved  engine 
efficiencies  and  lower  fuel  Flows  for  evolving  Air  Force  weapon  systems,  draws 
attention  to  fuel  thermal  stress  limits.  The  pri  lary  factor  is  heat  addition 
per  pound  of  fuel,  as  exemplified  by  current  specification  limits  tor  engine 
airframe  interface  fuel  temperatures.  It  is  recommended  that  the  inst;  lied 
performance  trends  and  heat  sink  utilization  payoffs  noted  herein  be  investi- 
gated in  the  context  of  near  term  systems  application  for  potential  modifica- 
tion of  specification  design  limits. 


SECTION  III 
BASELINE  DEFINITIONS 


A.  Interceptor  Sizing  and  Performance 

In  order  to  determine  interceptor  design  and  performance  characteristics 
for  the  FLITE  program,  initial  sizing  studies  were  performed  for  the  Mach  3+ 
and  Mach  4+  systems.  This  allowed  determination  of  initial  aircraft  and  en- 
gine size  envelopes  for  design  comparisons,  and  enabled  determination  of 
acceleration/ climb , cruise,  and  idle  descent  characteristics. 

Interceptor  mission  performance  goals  and  sizing  parameters  were  based  on 
capable  manned  interceptor  response  to  a projected  CONUS  threat  in  the  1980's. 
Key  elements  of  the  mission  from  an  interceptor  design  standpoint  were  rapid 
acceleration,  supersonic  cruise,  and  extended  mission  radius.  The  interaction 
of  the  threat  characteristics,  CONUS  early  warning  and  advanced  interceptor 
capability  enabled  definition  of  the  mission  profiles.  This,  in  turn,  provided 
a rational  approach  to  the  determination  of  desired  aircraft  mission  perfor- 
mance and  sizing  characteristics.  The  systems  thus  established  were  used  as  a 
basis  for  determination  of  subsequent  performance  ..unsitivities  using  specific 
engine  and  subsystems  data  generated  from  the  fuel  and  lubricant  study  matrix. 

B , MISSION  A BASELINE 

B. 1 Engine  Desxgn 

General  Description 

The  GE16/FLTTE-1A  is  a duct-burning  turbofan  engine  and  represents  an 
advanced  engine  embodying  technology  of  the  early  1980  time  period.  The  basic, 
engine  is  sized  for  277  pps  corrected  air  flow  at  sea  level  static,  standard 
day  conditions  at  the  maximum  engine  power  setting  (26,160  lb  thrust). 

A cross  section  of  the  engine  is  shown  in  Figure  1.  This  engine  is  a 
low  bypass  ratio,  moderate  cycle  pressure  ratio  engine  and  features  high 
turbine  inlet  temperature.  The  core  consists  of  a multistage  compressor  driven 
by  a single  stage  turbine.  The  Low  pressure  system  consists  of  a two-stage 
fan  and  a two-stage  turbine.  The  fan  design  incorporates  variable  inlet  guiue 
vanes  to  provide  good  efficiency  and  stability  characteristics  throughout  the 
operating  regime.  The  duct  burner  is  a two  stage  design  capable  of  fuel  aug- 
mentation of  the  fan  stream.  It  is  staged  to  yield  high  efficiency  for  the 
medium  augmentation  range.  The  exhaust  'ozzle  is  selected  to  reduce  the  after- 
body drag  of  the  large  diameter  duct-burning  engine,  being  sized  to  yield  the 
highest  possible  ratio  of  exit  to  maximum  engine  diameter,  resulting  in  a low 
boattail  angle  and  projected  afterbody  area.  The  exhaust  nozzle  was  also 
designed  for  good  overall  performance  with  special  emphasis  on  subsonic  cruise, 
transonic  acceleration,  and  supersonic  cruise.  It  is  a confluent  flow  design 
with  a fixed  core  throat  area  and  a variable  duct  flow  throat.  A cylindrical 
shroud  provides  the  required  internal  exit  area  variation.  At  low  nozzle 
pressure  latios  the  shroud  is  retracted,  being  translated  aft  ns  pressure 
ratio  increases. 
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The  engine  our  line  drawing  is  presented  in  Figure  2.  The  estimated 
maximum  dry  weight  of  the  GJE16/FLITK-1A  engine  is  3200  pounds.  This  weight 
represents  the  complete  engine  in  that  all  of  the  items  normally  required  for 
handling,  installation,  operation,  and  monitoring  of  the  engine  are  included. 
The  quoted  weight  also  includes  the  following  specific  installation  features: 

o Self-contained  oil  tank  including  remote  filling,,  internal  coolers, 
and  oil  level  indication 

o Engine  fuel  and  power  control  system 

o Fan  inlet  guide  vane  anti-icing 

o Accessory  gearbox  mounted  on  the  fan  frame  with  power  takeoff  to 
drive  aircraft-mounted  accessories 


The  design  speed  (100%)  of  the  core  is  13,300  i:pm  while  the  design  speed 
of  the  low  pressure  system  is  H, l>80  rpm. 


For  scaling  purposes  for  use  in  aircraft  a J.  King  thrust,  and  fuel  flow 
vary  directly  with  air  flow  while  rotor  speeds  scale  inversely  with  the  square 
root  of  airflow.  Weight.,  length,  and  diameter  can  he  scaled  between  -20  per- 
cent and  +30  percent  of  the  sea  level  static,  maximum  airflow  with  the  follow- 
ing equations: 


W 1.2 

1 w*l 

(i) 

WaP  0.5 

(2) 

Wa,  0.5 

wai 

(3) 

Fuel  Pel iye ry  System 

The  GE16/FL1TE-1A  baseline  fluid  system  schematic  is  shown  In  Figure  3. 
This  system  consists  of  the  fuel  delivery  ays  tore  coupled  through  heal;  exchanger 
Co  the  lubrication  and  Fluid  power  systems. 


The  fuel  dull. ve i y system  receives  fuel  from  the  aircraft  fuel  tank  boost 
pumps  ;»r.  between  15  and  40  psia  depending  upon  altitude.  The  engine  fuel 
pumps  then  increase  the  Fuel  pressure  to  u level,  sufficient  to  overcome  ul.l 
system  pressure  losses  and  to  inject  the  fuel  into  the  engine,  combustors.  Tlu: 
high  pressure  fuel  is  also  utilised  as  the  hydraulic  power  source  for  the 
stator  actuators  used  to  position  the  variable  stators. 
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Figure  3.  GE16/FLITE-1A  Fuel  Delivery  System  Schematic 


The  electronic  control  provides  the  schedules  for  the  variable  stator 
positions  and  the  metered  fuel  flow  to  the  engine.  During  steady  state 
operation  conditions,  the  control  system  maters  fuel  flow  to  the  engine  com- 
bustors by  means  of  an  integrating  speed  control  in  order  to  maintain  precisi 
engine  speed.  During  transient  operation,  engine  fuel  flow  is  limited  by 
acceleration  and  deceleration  fuel  flow  schedules  to  prevent  over t umparature , 
overspeed  or  burner  blowout.  The  fuel  control  system  also  incorporates  over- 
rides for  engxue  protection,  including  core  rotor  speed  and  turbine  blude 
temperature . 

The  engine  fuel  is  the  prime  source  of  heat  sink  for  cooling  engine  and 
aircraft  components.  In  the  engine  the  fuel  is  used  to  cool  the  control 
alternator,  the  electronic  computer,  the  boost  pump  and  the  main  fuel  pumps. 

In  addition,  tl.  • fuel  absorbs  the  heat  generated  in  the  lubrication  and  fluid 
power  systems  and  the  heat  absorbed  from  the  system  envir onment . Since  these 
heat  sink  requirements  strain  the  fuel  heat  absorption  capacity  over  portions 
of  the  mission  profile,  it  was  an  objective  of  this  program  to  specify  the  fuel 
delivery  system  components  around  a minimum  heat  generation  criterion. 

The  throttling  type  fuel  control  was  selected  because  of  its  high  efficiency 
and  low  thermal  input  to  the  fuel.  The  fuel  flew  control  system  functions  by 
throttling  tin1  flow  and  maintaining  a fixed  back  pressure  on  the  centrifugal 
pump.  The  eem  rifugal  boost  pump  provides  small  size  and  weight  and  proven 
reliability.  This  low  speed  pump  can  operute  at  low  Input  pressures  trum  the 
aircraft  boost  pump  without,  cavitation,  and  is  capable  ol  supplying  suf'lcienl 
pressure  to  prevent  cavitation  in  the  main  high  pressure  pumps.  The  regenera- 
tive pump  lias  the  ability  to  supply  relatively  high  pressure  fuel  at  low  shaft 
speeds  and  fuel  flows  during  engine  starts.  Thu  regenerative  pump  is  light- 
weight and  can  b«J  flow  regulated  by  throttling.  The  fuel  delivery  system  is 
design*!  to  utilize  the  regenerative  pump  only  during  engine  starts.  As 
engine  speed  approaches  idle,  the  shuttered  centrifugal  pump  Lukus  over  with 
the  inlet  to  the  re*  snerutive  pump  being  shut  off  and  the  pump  casing  drained. 

The  shuttered  centrifugal  pump  was  selected  because  of  ity  broad  flow 
turn  down  ratio.  A flow  turndown  ratio  of  at  least  150:1  is  possible  with  a 
shuttered  centrifugal  pump.  Since  the  majui  contributor  to  the  use  of  the 
fuel  heat  sink  in  the  iuel  delivery  system  Ls  the  main  fuel  pump,  utilization 
of  the  shuttered  centrifugal  \ amp  design  prevents  excessive  thurmal  stressing, 
of  the  fuel  during  the  return  cruise  portion  ol  the  mlusLon.  Closing  of  'lie 
shutter  at  low  fuel  flows  prevents  recirculation  In  the  pump  rind  us  a result, 
significantly  reduces  the  power  losses.  Figure  4 shows  the  pump  chai acteristics 
of  the  flKlb /FL 1 I'K-IA  main  fuel  pump.  By  closing  the  shutter  at  flow  rates 
below  approximately  10  percent  of  the  maximum  fuel  flow,  the  major  portion  of 
the  return  leg  of  the  mission  is  spent  in  c Lcised  shutter  operation.  Figure  5 
shows  the  variation  in  the  fuel  temperature  ut:  the  core  engine  nuzzles  i nr 
open  and  closed  shutter  operation  and  indicates  tliu  reduction  in  fuel  tempera- 
ture achieved  by  closing  the  shutter. 
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i-gure  4.  GE16/FLITE-  1A  Main  Fuel  Purp  Characteristics 


Thermal  insulation  is  utilized  on  all  fuel  delivery  system  fluid  lines 
exposed  to  the  engine  environment.  The  insulation  was  selected  to  provide  the 
maximum  temperature  reduction  based  on  location  of  fluid  line  in  the  environ- 
ment. For  maximum  altitude  and  Mach  number,  the  insulation  design  selected 
results  in  approximately  an  18°  F temperature  rise  due  to  environmental  heating 
at  the  most  remote  fuel  nozzle.  This  is  about  one  quarter  of  the  temperature 
rise  which  would  occur  with  no  thermal  insulation.  This  protection  is  provided 
at  the  penalty  of  a fuel  delivery  system  weight  increase  of  approximately  8.5 
pounds . 

The  critical  cooling  region  for  the  engine  systems  occurs  during  idle 
descent  where  the  engine  fuel  inlet  temperature  reaches  a maximum  of  200°  F. 

This  200°  F fuel  inlet  temperature,  along  with  the  engine  heat  sink  require- 
ments, would  produce  severe  overtemperature  conditions  in  the  fuel  during  idle 
descent  and  some  provisions  for  additional  heat  sink  capacity  are  required. 

The  means  chosen  to  provide  additional  heat  sink  capacity  was  the  addition 
of  a fuel  recirculatic  n system  from  the  engine  fuel  control  to  the  aircraft 
fuel  tank.  This  recirculation  system  required  a modification  to  the  main 
engine  fuel  control  which  involves  an  additional  control  function  to  reroute 
a specific  amount  of  the  total  inlet  fuel  flow  to  the  aircraft  fuel  tanks  at 
the  initiation  of  idle  descent.  The  initiation  of  the  recirculation  fuel  flow 
is  a function  of  throttle  angle  and  fuel  temperature  level  at  the  engine  fuel 
control.  At  idle  throttle  angle  positions  and  when  the  fuel  temperature  reaches 
300°  F,  the  recirculation  system  is  activated  and  a portion  of  the  inlet  fuel 
flow  is  rerouted  through  a fixed  orifice  in  the  engine  fuel  control  to  the 
aircraft  fuel  tanks.  The  incorporation  of  this  recirculatic-  system  results 
in  a weight  penalty  of  approximately  3 lb  to  the  engine  fuel  system. 

Engine  Lubrication  System 

A sump  area  layout  for  the  GE16/FLITE-1A  engine  is  presented  in  Figure  6 
and  the  lubrication  system  schematic  is  shown  in  Figure  7. 

Oil  is  supplied  to  the  inlet  of  the  lubricant  supply  element  by  gravity 
feed  from  the  nil  tank.  Oil  under  pressure  is  then  su-^lied  by  the  Dump  to 
the  supply  filter,  which  serves  to  protect  the  oil  jets  from  contair.  ration. 

This  filter  is  equipped  with  a bypass  pressure  relief  valve  which  opens  at  a 
predetermined  pressure  differential  aid  allows  full  oil  flow  ’•o  continue  < > be 
supplied  to  the  engine  should  the  filter  become  plugged.  Oil  supply  pressure 
to  the  engine  is  limited  during  cold  starts  by  a pressure  relief  valve  which 
will  bypass  oil  directly  to  the  gearbox  if  the  supply  pressure  exceeds  a 
preset  value.  At  all  pressures  less  than  this  value,  the  entire  output  from 
the  filter  is  directed  to  the  engine  supply  system.  A static  anti-leak  check 
valve  is  provided  to  limit  leakage  from  the  tank  to  the  engine  to  an  accept- 
able level  during  or  after  engine  shutdown. 

A total  of  13.5  gpm  of  oil  is  supplied  to  three  areas  of  the  engine;  the 
forward  or  "A"  sump,  the  aft  or  "B"  sump,  and  the  accessory  gearbox.  The  "A" 
sump  is  supplied  through  a pipe  in  a fan  frame  strut.  The  "B"  sump  is  supplied 


13 


Oil 

.’»<  uv»-g<: 
V.n  t 


Drain  "r  a-1 

Pressurization  Air  .=~=-  s — 


Oil  Supply  and  Scavenge  Pump 
Scavenge  Filter  with  Bypass  Valve 
Cold  start  Bypass  Check  Valve 
Oil  Supply  Filter  with  Bypass  Valve 
Static  Anti-Leak  Check  Valve 
Oil  Tank 

Scavenge  Oil  Deaerator 

Tank  Pressurizing  Valve 

Air/Oil  Separator 

Sump  Pressurization  Valve 

Fuel/Oil  Cooler 

Disc  Pump 

Fuel /Air  Cooler 

Fan  Discharge  Hub  Bleed  Port 

Compressor  Interstage  Hub  Bleed  Port 

Compressor  Interstage  Tip  Bleed  Port 


Figure  7 


GE16/FLITE- IA  Lubrication  System  Schematic 


by  a pipe  through  a strut  in  the  front  frame,  the  oil  being  routed  through  a 
rotating  tube  inside  the  low  pressure  shaft  to  the  "R"  sump  where  it  is  c.cntri- 
fugally  fed  to  the  bearings.  A carbon  seal  is  used  to  lim^t  oil  leakage  be- 
tween the  stationary  and  rotating  portions  of  the  oil  line.  Any  oil  loss  from 
this  seal  drains  into  the  "A"  sump.  The  engine  oil  flow  quantity  has  been 
sized  to  provide  adequate  lubrication  of  the  bearings,  gear  meshes,  end  splines 
and  to  cool  all  the  system  components.  The  distribution  of  flow  for  the  base- 
line engine  is  shown  in  Table  I. 

The  "A"  sump/inlet  gearbox  area  is  scavenged  by  gravity  through  the  PTO 
shaft  housing  to  the  accessory  gearbox.  The  accessory  gearbox  is  scavenged 
by  a single  scavenge  pump  element  and  the  oil  is  then  routed  to  the  scavenge 
filter.  The  scavenge  filter  contains  a bypass  valve  which  allows  the  oil  to 
bypass  the  filter  element  if  it  becomes  plugged  by  contamination. 


Table  I. 

GE16/FLITE-1A  Lubrication  System 
Design  Oil  Plow  Distribution 

Design  Flow 


Component  (gpm) 


"A"  Sump  6.65 

Inlet  Gearbox  0.85 

"B"  Suinp  3.65 

Accessory  Gearbox  2.35 

Total  Supply  13.50 

Total  Scavenge  Capacity  27.00 


The  oil  Is  then  piped  to  the  fuel/oil  heat  exchanger  where  the  heat 
generated  by  the  engine  is  transferred  to  the  fuel.  From  the  heat  exchanger, 
the  oil  is  returned  to  the  Lank.  The  "B"  sump  is  scavenged  by  a disk  pump 
driven  off  the  low  pressure  rotor.  This  pump  has  a tangential  collector  in 
the  stationary  pump  wall  to  recover  a portion  of  the  velocity  beau.  The 
scavenge  oil  is  then  piped  inward  to  the  engine  centerline  and  discharged  into 
u rotating  scavenge  tube  which  pumps  the  oil  forward  t.o  the.  "A"  sump  by 
centrifugal  force. 

Pressurization  air  is  required  to  maintain  positive  flow  across  the  main 
shaft  oil  seals  into  the  sump.';  at  all  operating  conditions.  tf  air  is  allowed 
to  flow  out  of  a sump  through  an  oil  seal,  some  oil  will  be  carried  with  it. 
This  oil  leakage  must  be  eliminated  in  order  to  prevent  excessive  oil.  consump- 
tion, contamination  of  the  compressor  bleen  air  and  possible  fire  hazard. 

The  pressurization  air  must  simultaneously  be  at  a high  enough  pressure  to 
isolate  the  sumps  from  hot  cycle  air  and  at  low  enough  pressure  and  tempera- 
ture. to  provide  the  life  required  for  the  oil  seals. 
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The  Number  1 oil  seal  is  pressurized  with  fan  discharge  hub  bleed  air. 
Pressurization  air  for  the  Number  2 oil  seal  is  extracted  from  the  compressor 
at  the  second-stage  rotor  discharge  hub.  The  air  flows  through  the  rotor  and 
radially  inward  through  a paddle-wheel  inducer.  A portion  of  the  air  is  then 

directed  forward  inside  the  compressor  air  tube  to  the  Number  2 seal  pressuri- 

zation cavity.  The  remaining  air  is  directed  aft  inside  the  air  tube  for  use 
in  cooling  the  compressor  drum  and  high  pressure  turbi.ie  forward  shaft.  The 
Number  3 and  Number  4 oil  seal  pressurization  air  is  extracted  from  the  compressor 
at  the  third-stage  exit  tip.  This  air  is  cooled  in  a fuel/air  heat  exchanger 
and  then  piped  to  the  Number  4 oil  seal  pressurization  cavity  through  a strut 
in  the  turbine  frame.  A portion  of  the  air  flows  through  holes  in  the  low 
pressure  turbine  stub  shaft  to  pressurize  the  Number  3 oil  seal. 

The  oil  tank  is  vented  to  the  accessory  gearbox.  The  vent  line  contains 
a tank  pressurization  valve  which  maintains  the  tank  pressure  above  sump  vent 
pressure.  The  increased  tank  pressure  is  provided  to  pressurize  the  supply 

pump  inlet  and  to  reduce  the  variation  in  oil  supply  quantity  to  the  engine 

under  varying  flight  conditions.  The  air  flow  through  this  valve  is  sufficient 
to  maintain  tank  pressure  at  altitude.  The  accessory  gearbox  is  vented  to 
the  "A”  sump  through  the  hollow  PTO  shaft.  The  "A"  sump  is  vented  aft  through 
the  intershaft  space  between  the  high  pressure  and  low  pressure  rotor  shafts 
and  the  "v"  sump  is  vented  forward  through  the  same  inter shaft  space.  The 
centrifugal  field  in  the  gap  between  the  two  rotating  shafts  allows  this  space 
to  be  used  effectively  as  an  air/oil  separator,  with  the  separated  oil  being 
returned  to  the  sump  cavities.  Midway  between  the  sumps,  the  vent  air  flows 
inward  through  holes  in  the  low  pressure  rotor  shaft  and  forward  inside  the 
shaft,  being  piped  overboard  to  ambient  pressure  through  a strut  in  the  front 
frame.  The  overboard  vent  line  contains  a sump  pressurization  valve  to 
assure  adequate  pressure  in  the  sumps  for  scavenging  at  altitude. 

The  accessory  drive  train  was  defined  based  on  controls  and  accessories 
component  power  requirements  and  accessory  sizes.  Accessory  power  is  taken 
directly  from  the  high  pressure  rotor  through  a set  of  bevel  gears  (inlet 
gearbox)  as  shown  in  the  sump  area  layout,  Figure  6.  Power  is  transmitted 
by  a radial  drive  shaft  to  the  accessory  gearbox  located  at  the  6 o'clock 
position  on  the  engine  frame.  A set  of  bevel  gears  is  used  in  the  accessory 
gearbox  so  that  the  accessory  drives  can  be  mounted  parallel  to  the  engine 
centerline  in  order  to  obtain  a minimum  envelope.  Spur  gears  are  used  in  the 
remainder  of  the  gearbox.  Each  gearshaft  is  supported  by  a ball  and  a roller 
bearing.  Carbon  face  seals  with  bellows  secondary  seals  are  bolted  into  the 
gearbox  housing  to  prevent  leakage  between  gearbox  oil  and  each  accessory. 

Super  nitraloy  was  selected  as  the  material  for  all  of  the  gears  with  a 
minimum  design  gear  life  of  36,000  hours.  The  bearing  material  is  CVM-M50 
tool  steel  with  the  bearings  being  sized  to  give  an  AFBMA  B^o  life  of  8,000 
hours.  The  gearbox  housing  is  manuiactured  from  investment  cast  17-4  PH  stain- 
less steel  and  its  useful  life  without  repair  is  designed  to  be  36,000  hours. 

A layout  of  the  GE16/FLITE-1A  accessory  gearbox  is  presented  in  Figure  8. 
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Fluid  Power  System 


The  GE16/FLITE-1A  baseline  fluid  power  system  is  shown  in  Figure  9.  The 
fluid  power  system  is  utilized  to  actuate  the  variable  fan  duct  (Ai8)  and 
exhaust  (A9)  nozzles  and  consists  of  the  following  major  components: 

The  engine  electronic  control  provides  the  position  schedules  for  the 
fan  duct  and  exhaust  nozzles.  Linear  variable  differential  transformers 
(LVDT)  provide  an  electrical  signal  to  the  electronic  control  for  position 
feedback. 

The  integral  lube-hydraulic  tank  was  selected  primarily  because  of  the 
weight  saving  and  the  reduction  in  envelope  requirements  over  two  separate 
reservoirs.  This  integration  also  offers  3ome  flexibility  in  that  oil  from 
one  system  can  be  utilized  in  the  other  system. 

The  unitized  pump  package  consists  of  a centrifugal  pump,  a vane  pump, 
and  two  high  pressure  servo  pumps.  This  arrangement  permits  a weight  saving 
and  offers  the  simplification  of  driving  four  pumping  elements  from  a common 
shaft.  The  centrifugal  pump  supplies  the  low  pressure  make-up  and  cooling 
flows  for  the  vane  pump  and  the  high  pressure  output  lines  of  the  servo  pumps. 

The  centrifuge!  pump  also  supplies  cooling  flow  to  the  low  pressure  lines  in 
the  two  hydraulic  systems.  Fixed  orifices  in  the  shuttle  valves  provide  cool- 
ing flow  regulation  from  the  low  pressure  centrifugal  pump.  The  small  vane 
pump  has  a positive  displacement  characteristic  and  provides  the  required 
pressure  for  position  control  to  the  two  reversible  high  pressure  servo  pumps. 

The  high  pressure  servo  pumps  produce  minimum  heat  generation  in  the  fan  duct 
and  exhaust  nozzle  position  controls  and  were  selected  primarily  for  this  reason. 
These  pumps  produce  variable,  bidirectional  flows  as  a function  of  the  electri- 
cal signal  to  the  servo  valves  from  tlv_  electronic  control.  The  pumps  produce 
only  that  flow  and  pressure  required  to  position  the  load,  ’.luring  steady-state 
load  conditions  when  the  nozzles  are  fixed,  the  only  heat  losses  are  from  the 
relatively  small  cooling  flows  and  mechanical  losses. 

The  rotary  drive  actuation  is  necessary  for  the  exhaust  nozzle  eystem 
because  of  the  long  22-inch  stroke,  the  low  load,  and  the  5 second  actuation 
time  requirements.  These  requirements  hrve  been  satisfactorily  met  with  the 
rotary  drive  system  with  a significant  '..’eight  saving.  A.  linear  hydraulic 
actuation  is  utilized  for  the  fan  duct  nozzle  system  because  of  the  short  2.5 
inch  stroke,  the  high  load,  and  the  2 second  actuation  time  requirements. 

The  f ucl/hydraui  heat  exchanger  is  required  during  high  hydraulic  power 

utilization  to  remove  the  heat  generated  within  the  hydraulic,  system  and  thus 
maintain  the  hydraulic  oil  temperature  within  acceptable  levels. 

The  fluid  power  system  for  the  GE16/FLITE-1A  ie  characterized  by  the  fact 
that  environmental  heating  tends  to  be  the  major  contributing  factor  to  the 
heat  rejected  to  th<_  fuel.  The  system  was  designed  to  minimize  the  environ- 
mental heating  by  Judicious  use  of  external  insulation  an.  by  the  determination 
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of  the  required  cooling  flows  for  steady-state  operation  to  produce  a low 
heat  rejection  system.  The  design  point  heat  rejection  for  the  GE16/PLITE-1A 
fluid  power  system  is  approximately  400  Btu/min,  or  about  one-tenth  of  the 
levels  produce  in  the  lubrication  system  and  by  the  main  fuel  pump.  Thermal 
insulation  is  utilized  on  all  fluid  power  system  components  and  fluid  lineB 
exposed  to  the  engine  environment.  For  maximum  altitude  and  Mach  number  the 
use  of  insulation  results  in  approximately  50°  F temperature  rise  from  the 
discharge  of  the  hydraulic  pump  through  the  lines  and  actuators  and  return 
lines  to  the  hydraulic  heat  exchanger.  This  temperature  rise  is  approximately 
one-tenth  of  the  rise  which  would  result  with  no  insulation.  In  comparison, 
the  integral  hydraulic  pump  fluid  temperature  rise  is  approximately  33°  F at 
this  same  flight  condition.  The  weight  of  the  insulation  used  in  the  fluid 
power  system  is  about  4 pounds. 

B. 2 Engine  Perfo nuance 

The  estimated  performance  for  the  GE16/FLITE-1A  engine  was  calculated  with 
an  electronic  data  processing  deck.  The  performance  is  based  on  tho  following 
conditions : 

o 1962  U.S,  standard  atmosphere 

o MCAI'fi  inlet  ram  recovery 

o JP-5  fuel  at  59°  F with  u fuel  lower  heating  value  of  18,500  lltu/lb 

o Zero  customer  bleed  air  and  horsepower  extraction 

o Variable  area  duct  nozzle,  fixed  area  core  nozj.le  (internal  perfor- 

mance only) 

Pertinent  sea  level  static  take-off  cycle  characteristics  of  the  engine 
are  given  in  Table  II. 


Table  II.  GEI6/FL1TE-IA  Engine  Cycle  Characteristics 
100%  Engine  Sea  Lev  1 Static  Takeoff. 


Total  Corrected  Airfl'/w  277  pps 

tan  Pressure  Ratio  2.33 

Overall  Pressure  Ratio  11.93 

Bypass  Ratio  1.23 

Total  Thrust  (uninstalled)  26,160  lb 

Specific  Fuel  Consumption  1.96  pph/lb 


B.3  Thermal  Analysis 


The  GE16/FIJ.TK-1A  fluid  system  schematic  is  shown  in  Figure  10.  This 
system  is  composed  of  the  fuel  delivery  system  coupled  through  heat  exchangers 
to  the  lubrication  and  fluid  power  systems.  The  design  details  of  each  of 
these  three  component  systems  have  been  discussed  in  paragraph  B.l. 
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Since  it  was  a purpose  of  this  program  to  investigate  the  use  of  available 
heat  sink,  a prime  objective  was  the  creation  of  a mathematical  heat  balance 
model  that  accurately  simulated  on  a digital  computer  the  steady-state  perfor- 
mance of  the  engine  fluid  system.  This  was  accomplished  with  the  GE16  thermal 
model,  a computer  program  capable  of  analytically  flying  the  mission  for  the 
baseline  and  subsequent  Study  1,  Study  2,  and  Study  3 engine  designs. 

Each  of  the  heat  producing  elements  of  the  engine  fluid  system  was 
described  in  equation  form.  As  the  heat  generation  terms  are  functions  of 
engine  operating  conditions,  creating  enthalpy  balances  for  the  fuel  delivery, 
fluid  power  and  lubrication  systems  necessitated  simultaneous  temperature 
dependent  flow  and  pressure  balances  as  well.  All  the  fluid  properties  were 
assumed  to  be  temperature  dependent  while  the  program  output  consisted  of  the 
complete  fluid  system  temperature,  pressure  and  flow  profiles  for  a steady-state 
operating  point. 

Figure  11  shows  the  fluid  system  thermal  profiles  generated  for  the  base- 
line engine  during  the  mission.  Indicated  are  the  mission  histories  of  the 
inlet  fuel  temperature,  core  nozzle  fuel  temperature,  lubrication  system  supply 
and  scavenge  temperatures,  and  fluid  power  system  supply  and  scavenge  tempera- 
tures. The  maximum  permissible  engine  inlet  fuel  temperature  of  200°  F for  the 
baseline  configuration  is  reached  during  the  idle-descent  portion  of  the 
mission . 

After  the  initial  acceleration,  the  cruise-out  phase  occupies  the  next 
segment  of  the  mission.  The  significant  reduction  in  engine  fuel  flow  from 
maxim  m to  cruise  power  setting  produces  a sharp  rise  in  the  lubrication  and 
fluid  power  system  fluid  temperatures.  With  the  increasing  altitude  during 
cruise-out,  the  fuel  flow  decreases  further,  causing  the  gradual  rise  in  the 
system  temperatures  shown  in  Figure  11.  The  application  of  maximum  power  during 
combat  and  turn  produces  momentary  reductions  in  the  fluid  system  operating 
temperatures,  but  with  the  beginning  of  return-cruise,  the  engine  fuel  flows 
again  decrease  and  produce  elevated  temperature  operation.  It  is  during  this 
portion  of  the  mission  that  the  shuttered  centrifugal  pump  is  beneficial.  The 
change  in  slope  of  the  fuel  temperature  profiles  indicates  the  closing  of  the 
shutter,  resulting  in  significantly  lower  power  losses  for  the  low  fuel  flows. 

The  use  of  the  shuttered  device  permits  a reduction  in  the  consumption  of  fuel 
heat  sink  during  those  portions  of  the  mission  where  it  is  severely  limited. 

At  the  end  of  the  return-cruise  mission  phase,  the  lubrication  and  fluid  power 
system  supply  temperatures  reach  their  maximum  permissible  levels  of  400°  F. 

With  the  initiation  of  idle-descent  and  with  no  further  compensating  action 
taken,  the  nozzle  fuel  temperatures  would  reach  about  450°  F at  the  beginning 
of  the  d-  ,cent  and  would  remain  over  325°  F for  four  minutes.  The  lubrication 
and  fluid  power  system  supply  temperatures  would  also  rise  to  about  a 580°  F 
maximum  during  this  time  period.  To  prevent  these  overtemperature  conditions, 
a fuel  recirculation  system  was  incorporated  to  increase  the  fuel  flow  during 
this  critical  mission  phase.  This  system  is  regulated  by  the  main  fuel  control 
and  allows  an  additional  3,000  pph  of  fuel  to  be  recirculated  to  the  aircraft 
main  feed  tanks.  With  this  system  in  operation,  the  end  of  the  return-cruise 
portion  of  the  mission  becomes  the  point  of  maximum  system  temperature  operation. 
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The  Mission  A PLITE  interceptors  were  designed  to  a technology  level 
compatible  with  an  anticipated  initial  operational  capability  (IOC)  date  of 
1983,  The  primary  design  characteristics  are  presented  in  the  following 
paragraphs . 

This  interceptor,  illustrated  in  Figure  12  has  a Mach  3+  cruise  capability. 
The  interceptor  is  in  the  70,000  lb  TOGW  class  with  a wing  area  of  1,070  ft^ 
and  a fuel  fraction  of  0.50.  The  configuration  is  a two  place  (tandem)  dulta 
wing  design  with  75°  swept  leading  edges  and  movable  wing  tips  for  lateral 
(roll)  and  longitudinal  (pitch)  control.  Twin  vertical  surfaces  provide  the 
directions  (yaw)  control. 

Propulsion  ia  provided  by  the  twin  GE16/FLITE  engines  fed  by  two  freu- 
stream  mounted,  horizontal  ramp,  mixed  compression  inlets.  Engine  integration 
includes  the  sizing  of  an  annular  bypass  plenum  discharging  bypass  air  aft 
during  idle  flight  conditions  at  an  angle  of  15°  with  respect  to  the  freestream 
airf low . 

The  aircraft  structural  concept  consists  of  hot  load  carrying  structure 
and  the  maximum  use  of  metal  and  resin  matrix  composite  materials  projected 
compatible  with  a 1983  technology  base. 

Cabal  and  equipment  environmental  cooling  is  provided  by  a fuel  augmented 
uJr  cycle  environmental  control  system.  Thermal  protection  is  provided  in 
cockpit  and  equipment  buy  areas  to  limit  internal  temperatures. 

Tnu  nose  cross-sectional  radius  and  radome  fineness  ratio  have  been 
determined  by  the  requirements  of  a 36  inch,  modified  phased  array  AWO-9  radar. 
Aircraft  armament  is  integrated  in  such  a manner  to  preserve  the  fuselage 
fineness  with  a mix  of  eight  long  range  and  short  range  air  intercept  missiles 
curried  internally  on  a rotating  drum.  Access  for  loading  is  provided  from 
the  t in! err- ide  while  firing  is  accomplished  out  the  top  to  avoid  shock,  inter- 
ference with  the  engine  inlets. 

H . 5 Weight  Estimation  Techniques 

Structural  weights  are  determined  by  conventional  MCAIR  estimation  tech- 
niques; which  include  evaluation  of  the  specific  design  and  reference  to 
statistical  norms  for  component  aud  material  weights.  Materials  for  the 
structural  components  are  chosen  to  reflect  current  and  projected  material 
development  effort  compatible  with  IOC  dates  from  the  mid  to  late  1980's. 

Engine  weights  are  based  on  engine  weight  scaling  data  provided  by  GE. 

Weights  for  primary  structure  are  based  on  application  of  a 3.5  g limit 
load  factor  at  l!v»  basic  flight  design  gross  weight.  Weight  is  allocated  for 
the  wing , a dulta  planform  with  rotating  horizontal  tips,  twin  vertical  tails, 
and  inlets  using  hot  load  carrying  structure.  Wing  tip  (control  surfaces) 
weight*;  are  included  with  the  basic  wing.  Weights  for  minimum  gauge  fuselage 
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covering  and  frames  are  designed  for  a 2,000  psf  dynamic  pressure  onvi ronment . 
Longerons  and  stringers,  including  local  supports  to  react  the  air  loads,  are 
weighed  as  a function  of  the  fuselage  bending  moment,  maximum  depth,  and  body 
width.  Fuselage  weights  also  include  the  insulation  required  to  protect 
selected  compartment  areas.  Landing  gear  weight  is  based  on  the  2.0  g taxi 
load  at  maximum  design  gross  weight.  Air  induction  system  weigh ts  are  based 
on  an  ultimate  duct  pressure  of  105  psi,  and  Include  insulation  between  the 
duct  wall  and  fuel  cell. 


Metal  and  resin  matrix  composite  materials  are  used  where  possible  to 
provide  maximum  structural  efficiency.  This  includes  extensile  application 
to  the  primary  wing  structure,  tails,  fuselage,  and  air  induction  groups. 


B . 6 Propulsion  System  l'er  format! ce 

The  propulsion  system  tor  the  Mission  A vehicle  consists  oi  the  01016/ 
FLITLO  duct  burning,  turbofan  and  nozzle  matched  to  a mixed  compression  inlet. 
Engine  variations  tor  the  fuel  and  lubricant  combinations  investigated  in  the 
mission  are  presented  in  Section  IV. 

GL16/ FLITL  lOugine  and  Nozzle  - The  Olilb/FLITli-lA  duct  burning  engine, 
illustrated  in  Figure  13  lias  a thrust  rating  of  26,160  lb,  an  airfow  oi  227 
pp.s,  a bypass  ratio  ot  1.23,  a evcle  pressure  ratio  of  11.95,  and  a maximum 
turbine  inlet  temperature,  l’erlurmance  raLing  data  ior  the  reference  engine 
are  included  in  Figure  13.  i’!ie  scaling  curves  used  to  obtain  the  physical 

characteristics  of  an  engine  larger  or  smaller  than  tlie  re  1 c fence  engine  are 
presented  in  Figure  14. 


The  cure  consist:,  of  a multistage  compressor  driven  by  a single  stage 
high  pressure  turbine.  The  Lew  pressure  spool  consists  ol  a two-stage  tan 
and  two-stage  Curl. .tie,  with  the  lan  design  incorporating  variable  inlet  guide 
vanes.  Reduced  power  can  he  obtained  by  either  modulating,  the  duct  burner  or 
the  core  engine  fuel  flow.  Tin*  nozzle  is  a co annular  convergent-divergent 
design  with  a fixed  con*  throat  area  and  a variable  fan  duel  throat  area.  A 
cylindrical  slwoud  is  translated  >elallve  to  the  exhaust  nozzle  plug  to 
provide  the  i '(red  variation  in  lan  duel  exhaust  expansion  area  ratio. 


Air  l tun 
mixed  comp  res 
The  first  ext 


i SvsLem  Performance  - The  aircraft  uses  a two -dime us  ion al 
inlet:  design  with  two  horizontal  external  compression  ramps, 
compression  ramp  is  set  at  fixed  angle. 


The  soeoid  * i*  hinged  relative  to  the  first  ramp,  and  is  scheduled 
as  a function  of  I *h L Mach  number.  The  shock  structure  at  the  design  point 

consists  of  two  oblique  shock-.  1 rom  the  external  ramps,  a series  of  relied  - 
ing  internal  oblique  shocks  wlii-h  form  a shock  train,  and  u terminal  normal 
shock.  The  oblique  shocks  decelerate  the*  airflow  to  a Lhroat  Mich  number  of 
1.2.  Downstream  ol  the  throat  , fie.  flow  Is  expanded  to  a local  Mach  number 
of  1.35  where  the  terminal  normal  shock  Is  located.  The  I low  is  then  decele- 
rated subsonicuily  to  the  eng  1 m.-  lace.  The.  length  of  the  subsonic  diffuser 


27 


lines  Joining  the  throat  exit  with  the  engine  compressor  face  not  exceed 
9°.  A bypass  system  is  included  in  the  design  for  inlet  and  engine  airflow 
matching.  The  inlet  operates  in  an  external  compression  mode  frcnn  Mach  0 to 
1.8  and  in  a mixed  compression  (external  and  internal)  mode  from  Mach  1.8  to 
d' sign  Mach  number. 

B . 7 Thermodynamic  Characteristics 

Design  Temperatures  - Maximum  external  surface  temperatures  were  deter- 
mined for  the  mission  configuration  to  assist  in  the  selection  of  airframe 
structural  materials  and  determine  thermal  protection  requirements . These 
temperatures,  snown  in  Figure  15,  represent  the  moat  severe  thermal  environ- 
ments for  the  upper  and  lower  surfaces. 

The  temperatures  are  based  on  aerodynamic  heating  effects  using  Spalding  - 
Chiflat  plate  theory.  Control  surface  deflections  and  shock  wave  induced  inter- 
ference heating  are  not  considered. 

Thermal  Protect  Lon  - Since  the  primary  structure  of  the  interceptor  is 
designed  to  withstand  the  high  temperature  environment,  numerous  internal 
compartments  require  thermal  protection  via  insulation.  The  insulation  is 
sized  to  minimize  the  weight  penalty  based  on  a maximum  sidewall  temperature 
of  105°  for  the  cockpit  and  a maximum  inturnal  temperature  of  275°  F for 
avionics  compartments,  wheel  wells,  and  th_  missile  bay.  Insulation  require- 
ments for  fuselage  volume  while  limiting  the  fuel  Lemperature  rise  to  20°  F. 

Wing  fuel  tanks  are  provided  sufficient  insulation  to  prevent  deposit  formation 
resulting  from  breakdown  of  residual  fuel.  These  thermal  protection  provisions 
are  accounted  for  in  the  weight  estimations  presented  earlier. 

Airframe  Heat  Loads  - Airframe  heat  loads  which  are  absorbed  by  the  fuel 
before  delivery  to  the  engines  are  summarized  in  Table  111  as  a function  of 
mission  phase,  Hydraulic  and  electrical  system  heat  loads  are  based  on  system 
power  provisions  ranging  from  70  to  272  horsepower.  Hydraulic  heat  loads 
include  heat  generated  due  to  pump  inefficiencies  and  environmental  heating 
of  actuators  and  lines.  Heat  loads  resulting  from  generation  of  electrical 
power  are  assumed  to  be  constant  throughout  the  mission.  Boost  pump  heat 
rejection  to  the  fuel  (both  delivered  fuel  and  stored  fuel)  is  based  on  pump 
duty  cycles  which  minimize  fuel  hunting.  The  ECS  heat  rejection  to  the  fuel 
results  from  the  use  of  fuel  to  augment  ram  air  as  a heat  sink  for  the  ECS. 

Environmental  Control  System  - The  Mission  A bootstrap  air  cycle  ECS, 
shown  in  Figure  16  uses  engine  bleed  air  for  cockpit  pressurization  and 
avionics  cooling.  This  system,  which,  is  similar  to  those  installed  in  existing 
aircraft,  is  modified  for  the  mission  application  to  include  a fuul-Lo-air 
heat  exchanger  located  upstream  >f  the  ECS  ref r igerat ionpackage  turbine  and  a 
boost  compressor  upstream  of  the  primary  heat  excirangur . Uso  of  fuel  to  aug- 
ment ram  air  as  a heat  sink  reduces  ECS  turbine  inlet  temperatures  thereby 
reducing  turbomachinery  work  requirements,  and  also  ram  air  system  induced 
aircraft  penalties.  When  engine  fuel  demands  are  small  (such  as  during  descent), 
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Figure  15.  Maximum  Surl'aco  Tiiiiperature,  Mission  A. 


Table  III.  Mission  A Interceptor  Summary 
of  Heat  Loads  to  Fuel. 


heat  Load  fRtu/min) 

Environmental  Hydraulic  Electrical  Boost 

Mission  Phase Control  System Syst era System Pumps 


Takeoff 

0 

2,380 

470 

134 

(a) 

Start  of  Cruise 

11,400 

2,860 

470 

86 

(a) 

Combat 

11,400 

3,045 

470 

67 

(a) 

End  of  Cruise 

11 ,400 

3,230 

470 

9 3 

(a) 

Descent  to  40K  ft 

(a)  After  1 min 

7,500 

3,126 

470 

46 

(b) 

(b)  After  2 min 

4,400 

3, 072 

470 

48 

(b) 

(c)  After  3 min 

2,600 

2, 9 L8 

470 

53 

(b) 

(d)  After  4 min 

1,300 

2,814 

470 

55 

(b) 

(e)  After  5 min 

0 

2,710 

470 

57 

(b) 

Loiter  at  40K  ft 

0 

2,380 

470 

101 

(O 

Descent  to  S.L. 

0 

2,380 

470 

65 

(l>) 

(a)  To  delivered  fuel. 

(b)  Small  fraction 

to 

delivered 

fuel,  remainder 

La  tank . 

(c)  Small  fraction 

to 

delivered 

fueL,  remainder 

Jost  to 

env  1 r unmen  f: 

, 

3L 


it  is  necessary  to  circulate  excess  fuel  to  absorb  the  airframe  heat  loads  to 
remain  below  the  maximum  allowable  engine/airframe  fuel  interface  temperature. 
The  boost  compressor  is  included  to  supplement  engine  bleed  pressure  during 
mission  phases  (such  as  descent)  where  available  pressure  is  not  adequate  to 
provide  acceptable  environmental  pressurization. 

C.  MISSION  B BASELINE 


C . 1 Engine  Design 

General  Description 

The  powerplaut  lor  the  Mission  B baseline  interceptor  is  the  GE14/FLITE-2A 
engine.  This  engine  is  a variable  cycle  turboramjet  and  represents  an  advanced 
engine  incorporating  technology  of  the  late  1980  time  period. 

Fuel  Delivery  System 

The  GE14/FEITL-2A  baseline  fluid  system  schematic  is  shown  in  Figure  17. 
The  system  consists  of  the  fuel  delivery  system  coupled  through  the  fuel/oil 
and  fuel/hydraulic  heat  exchangers  to  the  lubrication  and  fluid  power  systems, 
respectively . 

The  fuel  delivery  system  receives  fuel  from  the  aircraft  fuel  tank  boost 
pumps  at  between  lb  and  40  psia  depending  upon  altitude.  The  engine  fuel 
pumps  increase  the  fuel  pressure  sufficiently  to  overcome  all  system  pressure 
losses  and  inject  fuel  into  the  engine  combustor*;. 

The  electronic  control  provides  the  schedules  for  the  metered  fuel  flow 
to  the  three  burner  systems.  This  control  transmits  a position  signal  to  the 
torque  motors  in  the  main  fuel  control  to  position  the  fuel  metering  valve.  . 
Linear  variable-differential  transformers,  located  in  the  fuel  control  provide 
the  feedback  position  t.o  the  electronic  control.  The  fuel  flow  schedules  to 
the  core  engine  combustor,  the  ram-duct  pre-burner  and  the  ram-duct  main  burner 
are  functions  of  altitude  and  Mach  number. 


Tnermal  analysis  of  the  fluid  systems  over  Mission  B shows  that  the  critical 
phase  for  fuel  heat  sink  utilization  is  during  the  ramjet  idle-descent . During 
this  mission  phase,  recirculation  to  the  aircraft  main  feed  tank  is  utilized  to 
maintain  system  fluid  temperatures  within  acceptable  limits.  The  recirculation 
system  for  the  GK14/FLITE-2A  engine  is  similar  to  the  system  used  for  the 
GE1G/FL T.TE-lA  engine.  An  additional  control  function  is  provided  in  the  main 
fuel  control  which  reroutes  a specific  amount  of  the  total  inlet  fuel  flow  to  the 
aircraft  main  feed  tank  at  the  b' . w nning  of  the  ramjet  idle-descent.  The  initia- 
tion of  the  recirculation  fuel  flow  is  a function  of  throttle  angle  and  fuel 
temperature  level  at  the  engine  fuel  control.  At  idle  throttle  angle  positions 
and  when  the  fuel  temparatui  e reaches  approximately  300°  F,  the  recirculation 
system  is  activated  and  a portion  of  the  inlet  fuel  flow  is  routed  through  a 
fixed  orifice  in  the  engine  fuel  control  to  the  aircraft  fuel  tanks. 
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The  engine  fuel  is  the  major  source  of  heat  sink,  for  cooling  engine  and 
aircraft  components.  In  the  engine  fluid  system,  the  fuel  is  used  Lo  cool  the 
control  alternator,  electronic  computer,  boost  pump  and  main  fuel  pumps.  In 
addition,  the  fuel  absorbs  the  heat  generated  in  the  lubrication  and  fluid 
power  systems,  the  heat  flow  from  the  environment,  and  cools  the  sump  pressuriza- 
tion and  cooling  air.  With  the  many  demands  upon  the  fuel  heat  sink  and  its 
marginal  capacity  during  portions  of  the  mission,  it  was  important  that  the 
fuel  delivery  oystem  components  be  selected  with  minimum  heat  generation  being 
the  primary  Conner-'. 

In  addition  to  its  low  thermal  input  to  the  fuel,  the  throttling  type  fuel 
control  was  selected  because  of  its  high  efficiency.  During  engine  starting 
and  acceleration  to  idle,  the  control  utilizes  fuel  flow  from  the  variable 
displacement  vane  pump.  A pressurizing  valve  in  the  core  engine  supply  is 
required  during  these  low  flow  conditions  to  provide  adequate  back,  pressure 
for  the.  fuel  control  servo  functions.  For  high  fuel  flow  conditions,  the  fuel 
control  system  operates  by  throttling  the  flow  and  maintaining  a timed  buck 
pressure  on  the  centrifugal  pump. 

The  engim  fuel  delivery  pump  package  consists  of  a total  flow  centrifugal 
boost  pump,  a variable  displacement  vane  pump  and  a shuttared  centrifugal  pump. 
The  boost  pump  provides  snail  size  and  weight  and  proven  reliability.  This 
low  speed  centrifugal  pump  can  operate  at  low  input  pressures  from  the  aircraft 
boost  pump  without  cavitation,  and  is  capable  of  supplying  sufficient  pressure 
to  prevent  cavitJtlon  in  the  high  pressuru  pumps.  The  variable  displacement 
vane  pump  exhibits  overall  high  efficiency  over  its  flow  range.  This  pump 
is  always  in  operation,  being  the  sole  source  of  supply  to  the  core  engine 
during  startup  und  acceleration  to  idle  and  participating  with  the  other 
pumps  to  supply  fuel  to  the  engine  during  other  l'llght  conditions.  During 
certain  operating  conditions  when  the  engine  is  at  flight  idle  power  setting,, 
the  total  lucl  flow  can  be  provided  by  the  variable  displacement  vane  pump. 

This  allows  tills  high  efficiency  pump  to  be  utilized  during  low  fuel  flow 
conditions  when  lieuL  sink  requirements  are  critical.  Since  the  primary  user 
of  the  luel  heat  sink  in  the  fuel  delivery  system  is  the  hLgh  flow  main  fuel 
pump,  utilization  ol  the  shuttered  centrifugal  pump  design  prevent  i excessive 
thermal  stressing  of  the  fuel  during  the  cruise  portions  of  the  mission. 

C'osing  of  the  shutter  at  reduced  fuel  flows  prevents  recirculation  in  the  pump 
and  significantly  reduces  the  power  losses.  by  closing  the  shuLLor  at  the  t low- 
rates  below  approximately  10  percent  of  the  maximum  fuel  flow,  the  pump  power 
loss  is  reduced  by  about  50  percent. 

Thermal  insulation  is  utilized  on  all  fuel  delivery  system  fluid  lines 
exposed  to  the  engine  environment.  The  insulation  was  select ed  to  provide 
for  the  maximum  temperature  reduction  consistent  with  the  location  of  the 
fluid  line  in  the  environment  and  the  insulation  characteristics. 

Lub'~j.  alien  Syo tom 

The.  baseline  lubrication  system  schematic  for  the  GK14/FL1TF-2A  engine 
is  shown  in  Figure  18  and  the  associated  sump  area  layout  is  presented  in 
Figure  19. 


Oil  is  supplied  to  the  inlet  of  the  supply  element  by  gravity  teed  from 
the  oil  tank.  Oil  under  pressure  is  then  supplied  by  the  pump  to  the  supply 
filter,  which  serves  to  protect  the  oil  jets  from  contamination.  This  f i 1 1 c *' 
is  equipped  with  a pressure  reliet  valve  which  opens  at  a predetermined  pressure 
differential  and  allows  full  oil  flow  to  continue  to  be  suppl’ed  to  the  engine 
should  the  filter  become  plugged.  Oil  supply  pressure  is  limited  during  cold 
starts  by  another  pressure  relief  valve  which  bypasses  some  oil  directly  to  the 
gearbox  if  the  supply  pressure  exceeds  a im.x Lhuiii  level.  At  all  pressures  less 
tlun  this  limiting  value,  the  entire  output  •.rain  the  filter  is  directed  to  the 
oil  supply  system.  A static  antileak  cheek  valve  is  provided  to  limit  leakage 
from  the  tank  to  the  engine,  to  an  acceptable  level  during,  engine  shutdown. 

Oil  is  supplied  to  three  areas  of  the  engine;  the  accessory  gearbox,  the  "A" 
sunip/inlet  gearbox  combination,  and  the  "B"  sump.  The  "A"  sump  Is  supplied 
through  a strut  in  the  front  frame  which  connects  to  a rotating  oil  supply  pipe 
inside  the  shaft.  A carbon  seal  is  used  to  seal  between  the  stationary  frame 
and  the  rotating  shaft.  Leakage  from  this  oil  seal  is  contained  by  the  "A" 
sump.  The  oil  supply  distribution  (or  the  baseline  engine  is  given  in  Table  IV. 

The  "B"  sump  is  scavenged  by  a disk  pump  driven  by  the  core  engine.  Tills 
pump  lias  a tangential  collector  in  the  stationary  sump  wall  to  recover  the 
velocity  head.  The  scavenge  oil  is  then  piped  inward  to  the  engine  centerline 
and  discharged  into  a rotating  scavenge  tube  which  pumps  the  oil  forward  to  the 
"A"  sump  by  centrifugal  force.  During  the  ramjet  mode  of  operation  when 
the  core  engine  is  windmill ing  at  less  than  10  percent  speed,  the  gearbox- 
mounted  accessories  including,  the  lubricant  supply  and  scavenge  pump  me  d-ivun 
by  a ram  air  turbine.  lie  "B"  sump  scavenge  oil  is  used  tn  cool  the  No.  1 
bearing  inner  race  before  being  discharged  into  the  "A"  sump.  This  oil  is  not 
used  to  lubricate  tlu*  bearing.  The  "A"  sump/ inlet  gearbox  area  is  scavenged 
bv  gravity  through  the  PTO  shaft  housing  to  the  accessory  gearbox.  The  accessory 
gearbox  is  scavenged  bv  a single  scavenge  pump  element,  and  the  oiJ  Is  then 
directed  uo  the  scavenge  flit  -r.  The  scavenge  filter  contains  a bypass  valve 
which  allows  the  oil  to  bypass  the  filter  element  in  the  event  it  becomes  plugged 
by  contamination,  from  tie  filter,  the  oil  i ; piped  t.o  the  fuel/oil  heat 
exchanger  where  the  heat  from  the  engine  is  transferred  to  the  fuel.  from  the 
heat  exchanger,  the  oil  is  returned  to  the  tank. 

Pressurization  air  is  extracted  from  the  compressor  at  the  second  stage 
stator  exit  tip.  This  air  is  first  cooled  In  a inrl/air  he.it  exchanger  and 
then  piped  to  the  No.  1 seal  pressurization  cavil v through  a strut  in  the  front 
frame.  A portion  of  this  air  flows  aft  inside  the  main  shaft  end  around  the 
rotating  scavenge  tube;  to  the  No.  2 seal  pressurization  cavitv.  In  addition 
to  its  primary  (unction  of  pressurizing  these  seals,  this  air  is  used  to  isolate 
the  sump  walls  and  the  rotating  scavenge  tube  from  hot  cycle  air. 

Vent  air  from  ‘.he  ’’B1’  sump  flows  to  the  "A"  sump  through  the  rotating 
scavenge  tube.  The  "A"  sump  is  then  vented  to  the  accessory  gearbox  through 
the  hollow  PTO  shaft.  The  oil  tank  is  also  vented  to  the  gearbox.  The  vent 
line  fr  nn  the  oil  tank  contains  a tank  pressurization  valve  which  maintains 
the  tank  pressure  above  sump  vent  pressure.  The  increased  tank  pressure  is 
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Table  IV.  Gl£14/ FLJ  TE-2A  Lubrication  System 
Design  Oil  Flow  Distribution 


Component  Design  Flow  (gpm) 

"A"  Sump  3.50 

"B"  Sump  3.85 

Inlet  Gearbox  0.70 

Transfer  Gearbox  1.10 

Accessory  Gearbox  1. 85 

Total  Supply  11.00 

Transfer  Gearbox 

Scavenge  Capacity  20.10 

Accessory  Gearbox 

Scavenge  Capacity  4.05 

Total  Scavenge  24.15 
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provided  to  pressurize  the  supply  pump  inlet  and  to  reduce  the  variation  in  oiJ 
supply  quantity  to  the  engine  under  varying  flight  conditions.  The  air  flow 
through  th ' s valve  is  sufficient  to  maintain  tank  pressure  at  altitude.  All 
of  the  air  delivered  to  the  accessory  gearbox  is  vented  overboard  through  an 
air/oil  separator  and  a sump  pressurization  valve.  A dynamic  air/oil  separator 
is  used,  being  driven  through  the  gearbox.  The  sump  pressurization  valve 
assures  adequate  pressure  in  the  sumps  for  scavenging  at  altitude. 

Fluid  Power  System 


The  GE14/FLITE-2A  baseline  fluid  power  system  is  shown  in  Figure  20. 

The  fluid  power  system  is  utilized  to  actuate  the  core  exhaust  nozzle  (Ag), 
the  outer  ram  duct  exhaust  nozzle  (Ag),  the  ramjet  exhaust  nozzles  (A^g) 
and  to  position  the  turbine  nozzle  variable  vanes  (A4) , the  variable  stator, 
vanes  (VSV)  and  the  ram  pre-burner  swirl  cups  (A25) • The  position  schedule 
for  the  variable  nozzles,  vanes,  and  swirl  cups  are  provided  by  the  engine 
electronic  control.  Linear  variable  differential  transformers  (LVDT)  provide 
electrical  signals  to  the  electronic  control  for  position  feedback. 

The  separate  hydraulic  tank  was  selected  primarily  because  of  the  require- 
ment for  supplying  fluid  for  six  separate  actuation  systems  exposed  to  high 
temperature  environments.  The  tank  is  pressurized  to  approximately  30  psia  and 
contains  a fluid  deaerator. 

The  centrifugal  boost  pump  was  selected  because  of  size,  weight,  and  reliable 
operating  experience.  A prime  function  of  this  total  flow  centrifugal  pump  is  tc 
prevent  cavitation  in  the  high  pressure  hydraulic  pumps. 

The  pressure  compensated  pump  provides  the  capability  to  power  the  A4, 

A-25,  A2g,  and  VSV  actuation  systems  from  a single  pump.  This  constant  pressure 
variable  displacement  pump  suppl:  a maximum  flov;  of  19  gpm  for  maximum 

actuation  requirements  and  is  throttled  to  a 6 gpm  output  for  steady-state 
operation.  The  low  pressure  and  steady-state  cooling  f low  requirements  of 
6 gpm  minimizes  power  losses  under  steady-state  operating  conditions. 

The  four  servovalves  used  for  A4,  A25,  A23,  and  VSV  fluid  flow  control 
are  necessary  because  of  the  requirement  to  control  the  flow  to  the  separate 
systems  upon  a demand  signal  from  the  electronic  control.  The  servo  control 
valves  are  designed  to  minimize  heat  loss  due  to  the  required  throttling  effects. 

The  high  pressure  servopumps  were  selected  for  the  A o and  Ag  exhaust  nozzle 
position  controls  because  of  the  high  nozzle  loads  encountered  at  the  high 
Mach  number  side  of  the  flight  envelope.  The  pumps  produce  variable,  bidirec- 
tional flows  as  a function  of  the  electrical  signal  to  the  servovalves  from 
the  electronic  control.  The  pumps  produce  only  that  flow  and  pressure 
required  to  position  the  load.  During  steady-state  load  conditions  when  the 
nozzles  are  fixed,  the  heat  losses  are  from  the  pump  and  the  engine  environmental 
heat  input  to  the  fluid  lines  and  components. 
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Figure  20.  GE1‘1/FLITE-2A  Fluid  Power  System  Schematic. 


Linear  hydraulic  actuators  are  used  for  all  of  the  actuation  systems 
because  of  very  short  strone  requirements  and  limited  space  available  in  the 
engine  envelope.  Because  or  the  high  load  requirements  of  the  Ag  and  A9 
actuation  systems,  two-stage  hydraulic  actuators  are  used. 

Hydraulic  fluid  is  supplied  from  the  pressurized  hydraulic  tank  to  the 
centrifugal  boost  pump.  This  pump  then  supplies  flow  to  the  servopemps,  to 
the  pressure  compensated  pump,  and  to  the  actuators  for  cooling.  The  servo- 
pumps  power  the  Ag  and  A9  actuators  and  the  pressure  compensated  pump  powers 
the  A4,  A^g,  A25  and  VSV  actuators.  The  pressure  compensated  pump  also  provides 
servo  control  flow  to  the  Ag  and  A9  servopumps . 

Actuator  cooling  flow  is  provided  in  both  the  high  and  low  pressure  sides 
of  the  actuation  systems.  The  high  pressure  side  is  cooled  with  a cross-piston 
cooling  flow.  This  high  pressure  also  positions  the  shuttle  valve  in  the  supply 
manifolds  to  allow  a cooling  flow  from  the  centrifugal  pump  to  flow  into  the 
low  pressure  sides  of  each  actuation  system.  The  total  cooling  flow  from  each 
system  is  routed  through  a shuttle  valve  to  an  LVDT  and  is  returned  to  the  tank 
via  the  fuel/hydraulic  heat  exchanger. 

The  GE14/FLITE-2A  fluid  power  system  was  designed  to  minimize  the  heat 
addition  which  occurs  in  the  pumps  because  of  high  pressures  and  pump 
inefficiencies  and  in  the  fluid  lines  and  actuators  due  tc  the  exposure  to 
high  ambient  temperature  environments.  Environmental  heating  tends  to  be  the 
major  contributing  factor  to  the  heat  rejected  to  the  fuel.  The  system  was 
designed  to  minimize  the  environmental  heating  by  judicious  use  of  external 
insulation  and  by  the  determination  of  the  required  cooling  flows  for  steady- 
state  operation  to  produce  a l'w  heat  rejection  system.  Thermal  insulation 
is  utilized  on  all  fluid  power  system  components  and  fluid  lines  exposed  to 
the  engine  environment.  7or  maximum  altitude  and  Mach  number,  this  insulation 
reduces  the  temperature  rise  in  the  lines  and  actuators  caused  by  environmental 
heating  to  approximately  40°  F.  The  design  point  heat  rejection  for  the 
GE14/FLITE-2A  fluid  power  system  is  approximately  2,680  Btu/min. 

C. 2 Engine  Performance 

Estimated  performance  for  the  GE14/FLITE-2A  engine  was  calculated  with  the 
Electronic  Data  Processing  cycle  deck.  Engine  performance  is  based  on  JP-5  fuel 
having  a heating  value  of  18,500  Btu/lb  and  at  a temperature  of  59c  F (enthalpy 
of  184.3  Btu/lb). 

C, 3 Thermal  Analysis 

The  GE14/FLITE-2A  fluid  system  schematic  is  shown  in  Figure  21.  As 
discussed  in  paragraph  C.l,  this  system  is  composed  of  the  fuel  delivery 
system  coupled  through  the  fuel/oil  and  fuel/hydraulic  heat  exchangers  to  the 
lubrication  and  fluid  power  systems,  respectively. 
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Figure  21.  GE14/FLITE-2A  Fluid  System  Schematic. 


The  performance  of  the  GE14/FLITE-2A  engine  fluid  system  was  mathematically 
simulated  by  the  creation  of  a digital  computer  model.  Thi  . computer  program 
provided  the  capability  of  analytically  flying  Mission  B for  the  baseline  and 
the  subsequent  four  study  engine  designs  and  determining  the  eugine  system 
performance  for  steady-state  operating  points.  This  model  was  the  principal 
tool  used  to  identify  and  investigate  the  uses  of  the  fuel  heat  sink  for 
Mission  B. 

In  the  development  of  the  computer  model,  eacli  of  the  heat  producing 
elements  of  the  engine  fluid  system  was  described  in  equation  form.  These 
heat  generation  terms  were  described  as  functions  of  the  engine  operating 
conditions.  Since  the  fuel,  lubricant,  and  hydraulic  fluid  properties  ware 
assumed  to  be  temperature  dependent,  the  establishing  of  enthalpy  balances  for 
each  component  system  required  simultaneous  flow  and  pressure  balances.  This 
complex  iterative  process  was  accomplished  through  Lhe  use  of  a modified 
Newton-Raphson  numerical  technique  for  the  solution  of  sets  of  nonlinear 
ordinary  differential  equations. 

Figure  22  shows  engine  fluid  system  temperature  profiles  generated 
during  Lhe  Mission  i*  baseline.  Indicated  in  the  plot  are  the  following  eight 
system  variables. 

o Engine  inlet  fuel  temperature 

o core  nozzle  fuel  temperature 

o ram  pre-burner  nozzle  fuel  temperature 

u ram  main  burner  nozzle  fuel  temperature 
o lubrication  system  supply  temperature 

o lubrication  system  scavenge  temperature 

o fluid  power  system  supply  temperature 

o fluid  power  system  scavenge  temperature 

The  maximum  permissible  engine  inlet  fuel  temperature  of  200°  F (JP-5)  for  the 
baseline  configuration  is  reached  during  Lhe  final  idle-descent  portion  of  the 
mission. 

As  with  Mission  A,  the  significant  reductions  in  engine  fuel  flow  for 
the  cruise  power  setting  produce  sharp  rises  in  system  temperatures  as  the 
transitions  are  made  from  maximum  power  setting.  At  the  end  of  the  cruise-out 
mission  leg,  the  fluid  power  system  reaches  its  point  of  maximum  temperature 
operation  while  the  lubrication  system  does  not  experience  its  maximum  tempera- 
ture condition  until  the  end  of  return  cruise. 

With  the  complex  modes  of  operation  for  the  GK14/FLITE-2A  engine  and  the 
high  flight  speeds,  temperature  dependent  iiuiuiiliid  cooling  flows  ace  necesratv 
to  cool  Lite  burner  fuel  lines  and  minifolds  when  the  respective  burners  arc 
noL  in  operation.  Although  the  main  engine  control  is  further  complicated  by 
the  additional  logic  and  hardware  to  provide  this  function,  the  cooling  flows 
are  an  effective  means  of  maintaining  the  fuel  in  the  burner  lines  to  within 
Lhe  design  JP-5  unlimited  service  thermal  stability  limit  of  325°  F when  the 
respective  burners  are  not  in  operation. 
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The  ramjet  idl  s-descent  ir.  the  more  severe  of  the  two  flight-idle  modes  of 
operation.  Reci rculation  fuel  flow  is  necessary  daring  this  2.5  minute  mission 
phase  to  maintain  the  three  component  systems  within  their  thermal  stability 
limits.  This  recirculation  fuel  flow  to  the  aircraft  readies  a maximum  of 
9,000  pph  with  an  engine  interface  fuel  temperature  of  180°  F.  Even  with  the 
recircu Lati on  and  the  manifold  cooling  flows,  the  ram  main  burner  .line  does 
exceed  the  .125"  F level  during  the  ran- jet  idle  -descent . A temperature  peak 
of  approximately  425°  F is  experienced  with  over- ( emperatnre  conditions 


existing  during  the  majority  of  the  descent.  As 


main  burner  is  in  operation 


during  this  flight-idle  condition  and  requires  little  fuel  flow,  the  main 
burner  fuel  line  is  relatively  Insensitive  to  the  upstream  cooling  efforts. 
Although  the  residence  time  is  short  and  the  maximum  fuel  temoerature  not 
extreme,  it  should  be  noted  that  the  unlimited  service  design  limit  of  325°  P 
for  the  J P~‘>  fuel  cannot  be  qua ran toed  over  the  entire  mission.  Recirculation  is 
not  necessary  during  the  final  descent  to  sea  lev? 1 as  l lie  core  engine  fuel 
flows  are  sufficient  to  maintain  acceptable  system  operating  temperatures. 


C.  '/  Interceptor  Dcs ign  Characiet  is C i <_s 

The  Mission  ii  interceptors  were  designed  t • technology  level  compatible 
with,  an  anticipated  :0C  date  between  1985  and  1990. 


The  Mission  !S  interceptor  is  shown  in  Figure  23-  The  interceptors  are 
ail  in  the  80,000  lb . TOCW  class  with  wing  area  from  1,120  to  1,160  ft^  and 
<;  fuel  fraction  iron;  0.52  to  0.53,  The  aircraft  has  a crew  of  two,  a low 
aspect  ratio  delta  wing  planform  with  a leading  edge  sweep  of7  T9. 7°.  This 
configuration  also  uses  twin  vertical  tall  surfaces  for  high  speed  directional 
stability  and  incorporates  outboard  movable  wing  tips  for  pitch  and  roll 
control . 


The  conf lguration  includes  two  0E14/FLITE  turhoram jet  engines,  supplied 
by  freestream  (nonaircraft.  compression  field)  horizontal  ramp  mixed  compression 
inlets.  A slotted  subsonic  diffuser  is  utilized  to  provide  flow  to  the  wrap- 
around ramjet  during  operation  of  that  subsystem.  Outer  walls  of  the  ramjet 
annulus  are  designed  to  include  variable  area  bypass  doors. 

The  primary  structure  is  a cool  conventional  structure  concept  thermally 
protected  by  an  a.ir  gap,  passive  insulation,  and  external  radiative  shingles. 
Cool  structure  dominates  jihe  fuselage;  but  the  wing  leading  edges,  control 
surfaces,  and  inlets  are  hot  structure  due  to  their  thin  cross  section. 
Composite  metal  matrix  structure  is  used  to  the  maximum  practicable  extent 
projected  for  a mld-to-late  1980  IOC. 

Cabin  and  equipment  environmental  cooling  is  provided  by  a fuel  heat  sink 
system  using  ambient  temperature  fuel  with  a vapor  cycle  refrigeration  package 
to  affect  the  heat  transfer. 
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Tlu*.  nose  cross  sectional  radius  ana  radcoje  fineness  ratio  are  determined 
by  requirements  for  a 48  tuch-electronically  steerable  phased  array  antenna 
for  a long  range  pulsed  uoppler  radar  with  multiple-track  wiae  scan  capability. 
The  antenna  is  installed  in  a look  devn  attitude  to  provide  detection  and 
tracking  of  both  high  and  low  altitude  threats. 

Aircraft:  armament  is  integrated  to  preserve  fuselage  fineness , Tour  long 
range  500-lb  air-to-air  missiles  and  launch  systems  arc  integrated  into  the  top 
of  the  aircraft  using  a rotary  firing  rack  or  drum.  Firing  is  accomplished 
out  the  top  to  avoid  shock  Interference  with  the  inlets  during  supersonic 
missile  launch. 

C . 5 Weight  Estimation  Techniques 

aa  for  Mission  A,  the  structural  weights  for  the  Mit-sion  B interceptor 
were  determined  by  conventional  methods,  flateriula  for  the  components  were 
chosen  to  reflect  current  and  projected  material  development  effort  compatible 
with  IOC  daLes  of  from  1985-19?!).  Engine  weights  were  based  or.  GF.14/FL1TE 
scaling  data. 

The  wing  torque  box  and  fuselage  shell  covering  is  weighed  as  ,lcool 
structure",  protected  hy  shingles  and  insulation.  Wing  structural  weights 
are  based  on  3.5  g limit  load  factor  at  basic  flight  design  gross  weight. 

Wiug  secondary  structural  weight  is  based  on  temperatures  incurred  in  the  3.5  g 
maximum  power  turn.  Rotating  tips,  vertical  tails,  and  inlets  are  weighed  as 
hot  structure,  with  design  temperatures  corresponding  to  the  Mach  4+  cruise 
environment.  The  weight  for  the  horizontal  rotating  tips  is  included  with  the 
wing.  Weights  for  minimum  gauge  fuselage  covering  and  frames  are  correlated 
to  the  2,000  psf  dynamic  pressure  cliirb  path.  Longerons,  stringers,  and  locally 
strong  areas  to  react  air  loads  are  weighed  as  a fur ct Ion  of  the  fuselage 
bending  moment  and  its  maximum  depth  and  width.  Insulation,  included  with 
fuselage  weight,  is  based  on  the  requirement  tc  limit  primury  structural 
temporal  -f  to  275°  7 in  the  nonfuel  areas  and  allow  a 20°  F temperature  rise 
in  the  fuel  areas,  Landing  gear  weights  are  based  on  the  2.0  g taxi  load  at 
maximum  design  gross  weight.  Air  induction  system  weights  are  tascsd  on 
ultimate  duct  pressures  of  195  psi  and  design  temperatures  corresponding  to 
the  cruise  condition. 

A high  percentage  of  metal  matrix  composites  materials  (boron  aluminum  and 
graphite  nickel)  rs  used  in  the  design.  These  provide  a substantial  payoff 
in  terms  of  reduced  aircraft  size  anil  weight.  Boron  aluminum  Is  u,-ed  for  the 
primary  fuselage  and  those  wing  areas  which  are  protected  by  insulation  and 
radiative  shingles.  Hot  structural  components  arc  designed  using  graphite 
nickel.  The  relatively  high  temperc-utes  in  the  cruise  environment  precludes 
the  use  of  other  materials  for  passively  cooled  concepts,  with  the  exception  o'< 
Ren 6 41,  Supplemental  studies  allowed  determination  of  the  merits  of  active 
cooling  in  the  inlet  area  as  discussed  in  Section  V. 


48 


C.6  Propulsion  System Performance 


The  propulsion  system  for  the  Mission  B vehicle  consists  of  the  GE14/FLITE-2A 
turboramjet  engine  and  nozzle  matched  to  a mixed  compression  inlet.  Engine 
variations  for  the  fuel  and  lubricant  combinations  corresponding  to  the  Mission 
B studies  are  presented  in  Section  V. 

GE14/FLITE-2A  engine  and  Nozzle 

The  GE14/FLITE-2A  engine  consists  of  a stoichiometric  turbojet  with  a 
wraparound  ramjet.  The  core  turbojet  incorporates  a transonic  compressor, 
a carbureting-type  combustor,  and  a single  stage,  variable  geometry  turbine. 

The  wraparound  ramjet  incorporates  a preburner  and  a main  burner,  both  of 
which  use  carbureting  injection.  The  nozzle  is  a variable-geometry,  converging- 
diverging  design  designated  as  a "terminal  fairing  ejector  nozzle." 

Air  Induction  System  Performance 

The  air  induction  system  consists  of  a horizontal,  two-dimensional, 
mixed-compression,  double  external  ramp  inlet.  The  inlet  incorporates  variable 
external  ramp  geometry  which  is  scheduled  as  a function  of  flight  Mach  number. 

The  first  ramp  is  fixed  and  the  second  ramp  is  hinged.  The  shock  structure  at 
the  design  point  consists  of  two  oblique  shocks  from  the  external  ramps,  a 
series  of  intersecting  internal  oblique  shocks  which  form  a double  shock  train, 
and  a terminal  normal  shock.  The  oblique  shocks  decelerate  the  airflow  to  a 
throat  Mach  number  of  1.35  where  the  terminal  normal  shock  is  located.  The 
flow  is  then  decelerated  subsonically  to  the  engine,  face.  The  length  of  the 
subsonic  diffuser  was  determined  by  specifying  that  the  total  included  angle, 
between  straight  lines  joining  the  throat  exit  with  the  engine  face,  not 
exceed  13°.  A bypass  system  was  included  in  tne  design  for  inlet  and  engine 
airflow  matching.  The  inlet  operates  in  an  external  compression  mode  from 
Mach  0 to  1.3  and  in  a mixed  compression  (external  and  internal)  mode  from 
Mach  1.9  to  the  design  Mach  number. 

C . 7 Thermody nami c Characteristics 

Design  Temperatures 

Aerodynamic  heating  effects  during  the  Mach  cruise  phase  produce  the  most 
severe  sustained  thermal  environment  for  both  the  upper  and  lower  surfaces  of 
the  aircraft.  The  maximum  surface  temperatures,  presented  in  Figure  -4, 
were  computed  at  cruise  conditions  with  a nominal  angle  of  attack.  These 
maximum  external  surface  temperatures  are  used  to  assist  in  the  selection  of 
airframe  structural  materials  and  size  thermal  protection  requirements. 

Thermal  Protection  System 

The  Mission  B interceptors  are  designed  to  employ  a protected  structural 
concept  wherever  possible.  The  thermal  protection  system  concept  consists  of  an 
external  shingle  backed  by  insulation  with  an  internal  air  gap.  The  shingle  is 
treated  to  obtain  a high  surface  emissivity  enabling  reradiation  of  neat  away 
from  the  surface  to  minimize  surface  temperatures.  An  air  gap  provides  a 


49 


radiation  barrier  to  heat  transfer  (surfaces  on  either  side  or  the  gap  displaying 
low  emissivity  characteristics).  Lightweight,  flexible  insulation  is  used  to 
minimize  thickness,  thereby  maximizing  usable  aircraft  volume.  In  nonfuel  areas, 
the  insulation  is  sized  to  limit  the  maximum  primary  structure  temperatures 
to  275°  F.  In  fuel  tank  areas,  the  insulation  is  sized  to  limit  the  stored 
fuel  temperature  rise  co  20r  F due  to  aerodynamic  heating  effects.  Since  all 
thermally  sensitive  compartments  are  located  in  regions  of  the  aircraft  where 
the  protected  structural  concept  is  employed,  additional  internal  insulation 
provisions  (except  for  the  crew  compartment)  are  unnecessary. 

Airframe  Heat  Loads 


Airframe  heat  loads  that  must  be  absorbed  by  the  fuel  before  delivery  to 
the  engines  are  summarized  in  Table  VI  as  a function  of  mission  pha;e.  Hydraulic 
and  electrical  system  heat  loads  are  based  on  system  power  requirements  ranging 
from  120  to  520  pph.  Hydraulic  heat  loads  include  internally  generated  heat  (due 
to  pump  inefficiencies)  and  environmental  heating  to  actuator  and  lines  located 
in  uninsulated  regions  of  the  aircraft.  Heat  rejection  to  the  fuel  from  the  ECS 
is  a function  of  aerodynamic  heating  effects  and  the  mode  of  radar  operation. 
Since  fuel  is  used  exclusively  as  the  heat  sink  for  the  Mission  B ECS  concept, 
a requirement  for  fuel  cooling  of  the  ECS  exists  throughout  the  mission. 


Table  V.  Summary 

of  Heat  Loads 

to 

Fuel  Mission  B 

Interceptor 

Heat  Load  (Btu 

/min) 

Environmental 

Hydraulic 

Electrical 

Boost 

Mission  Phase 

Control  Systems 

System 

System 

Pumps 

Takeoff /Climb 

1,800-4,210 

3,960-7,580 

940 

110-370 

Outbound  Cruise 

4,210-4,310 

(a) 

7,580-7,220 

940 

60 

2,980-3,110 

(b) 

4,450-4,600 

(c) 

Descent  to  65,000  ft 

4,600-4,050 

7,220-4,740 

940 

110 

Turn 

4,050 

4,740 

940 

110 

Inbound  Cruise 

4,050-4,060 

(a) 

4,740-4,590 

940 

70 

2,730-2,810 

(b) 

1,880-1,920 

(c) 

Descent  to  Sea  Level 

1,920-1,280 

4,590-3,960 

940 

100-70 

Loiter 

1,280-1,160 

3,960 

940 

80 

(a)  Radar  On 

(b)  Radar  on  Standby 

(c)  Radar  Off 
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Environmental  Control  System 


\ 


The  Mission  B ECS,  presented  in  Figure  25,  is  a vapor  cycle  using  fuel, 
as  the  primary  heat  sink.  As  indicated,  the  airframe  heat  loads  are  absorbed 
by  an  intermediate  heat  transport  (coolant)  loop  which  transmits  these  loads 
to  the  fuel  via  a vapor  cycle  refrigeration  package.  Analyses,  based  on  the 
airframe  heat  loads  as  summarized  in  Table  V,  and  engine  fuel  flowrate 
data  indicates  that  this  concept  is  compatible  with  the  total  range  of  engine/ 
airframe  fuel  interface  temperatures  (150  - 350°  F)  investigated  in  this  study. 
During  low  fuel  flow  periods  such  as  descent,  sufficient  fuel  is  circulated 
through  the  airframe  heat  exchangers  to  absorb  all  the  heat  loads  without 
exceeding  the  prescribed  interface  temperature.  Fuel  flov;  in  excess  of  engine 
requirements  is  recirculated  back  to  the  feed  ' ank.  Use  of  the  vapor  cycle 
concept  imposes  an  additional  consideration;  the  fuel  temperature  entering 
the  ECS  condenser  must  be  sufficiently  low  to  permit  efficient  cycle  performance. 
The  condenser  inlet  fuel  temperature  is  maintained  below  115°  F.  For  those 
cases  where  bulk  temperature  limits  may  be  exceeded,  optional  peak  heat  load 
-elief  is  desirable.  The  representative  system  considered  here  is  a simple 
evaporator.  As  shown  in  Figure  25,  a water  boiler  and  a ram  air  heat  exchanger 
are  located  between  the  feed  tank  and  the  ECS  condenser.  During  cruise  at  high 
altitudes,  fuel  is  routed  through  the  water  boiler  after  the  feed  tank  bulk  fuel 
temperature  exceeds  115°  F.  Fuel  cooling  via  water  boiling  is  used  through  the 
early  phases  of  descent  until  an  altitude  is  reached  where  the  required  boiling 
temper  iture  of  115°  F is  exceeded  (approximately  50,000  ft).  Ram  air  temperatures, 
at  this  stage  of  the  mission  are  sufficiently  low  to  provide  an  adequate  heat 
sink  for  fuel  cooling. 

D.  FLUID  PROPERTIES 

D. 1 Fuel  Properties 

The  FL_TE  program  encompassed  studies  of  system  designs  using  four  dif- 
ferent fuels:  JP-4,  JP-5,  JP-7,  and  JP-8.  All  of  these  are  mixtures  of 

hydrocarbons,  hence  their  bulk  chemical  properties  are  very  similar.  The 
major  differences  are  in  volatility  and  thermal  stability.  JP-4  is  quite 
volatile,  whereas  the  other  three  fuels  have  relatively  low  and  similar 
volatilities.  JP-7  has  high  thermal  stability,  whereas,  the  other  three 
fuels  can  have  relatively  low  thermal  stabilities.  Their  specified  minimum 
thermal  stabilities  are,  in  fact,  identical. 

All  of  these  fuels  are  procured  to  specifications  which  are  as  broad  as 
possible  within  the  quality  levels  desired  to  achieve  adequate  availability 
at  minimum  cost.  Therefore,  some  of  the  fuel  physical  properties  can  vary 
widely  depending  on  the  world-wide  sources  of  the  fuels.  For  design  purposes, 
it  was  considered  preferable  to  use  the  best  available  average  data,  rather 
than  extremes. 

For  the  JP-4  and  JP-5  fuels,  average  data  were  obtained  from  Reference 
2.  Since  JP-8  has  not  yet  been  produced  in  large  volume,  data  on  its  properties 
were  not  available.  However,  Jet  A-l  is  its  commercial  equivalent,  and 
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Mission  B Interceptor  ECS  Schematic. 


average  data  on  its  properties  were  obtained  also  from  Reference  1 JP -7  has 

been  produced  in  very  limited  quantities,  and  published  data  on  multiple, 
sources  were  not  available.  Therefore,  typical  data  on  a single  Latch  produced 
by  a major  refiner  were  used,  as  published  in  Reference  2. 

The  data  on  density  variation  with  temperature  were  derived  from  infor- 
mation in  Reference  3. 

The  data  on  viscosity  were  based  on  average  properties  in  Reference  6, 
and  established  slopes  for  viscosity  curves  from  Reference  4, 

The  specific  heat  data  were  calculated  using  the  method  given  in  Reference 
5.  The  accuracy  is  believed  to  be  within  4 percent  of  the  true  values.  Al- 
though the  data  are  considered  not  applicable  below  0°  V and  above  475°  1' 

(350°  F for  JP-4),  they  were  applied  wherever  possible. 

The  thermal  conductivity  curve  is  the  average  of  data  from  References  6, 

7 and  R . Experimental  data  are  very  scarce  at  moderate  temperatures,  and 
those,  which  are  available  are  not  of  high  quality.  Data  at  high  temperatures 
were  virtually  nonexistent . The  accuracy  of  the  plotted  curve  may  be  no  better 
than  1 5 percent  of  the  true  values. 

The  vapor  pressure  data  were  calculated  using  the  method  given  in 
Reference  9.  The  accuracy  of  the  calculated  data  has  not  been  eval^atea. 
However,  the  reproducibility  is  considered  no  better  than  2 psi  or  8 percent 
of  the  mean  of  two  results,  whichever  is  greater. 

Plotted  values  of  density,  viscosity,  specific  heat,  thermal  conductivity, 
and  vapor  pressure  are  shown  in  Figures  26  through  30. 

■■li/*  enthalpy  of  the  four  fuels  was  computed  using  t;ho  following  equations, 
which  were  derived  from  the  specific  heat  data.  These  are  applicable  only 
while  the  fuels  are  in  t:he  liquid  state. 


For 

JR- 4 : 

H - 

44 . 6 

X 

icf'\ 

4* 

2.91 

X 

10-V 

(4) 

Foi 

JR -5 : 

H - 

42.4 

X 

io"2t 

\- 

2.79 

X 

io"4,r2 

(3) 

..0 

!0-V 

(6) 

Foi 

JP-7: 

H - 

44 . 0 

X 

10  “T 

+ 

2.88 

X 

For 

JP-3 : 

li  - 

42.9 

X 

_? 

10  T 

+ 

2.32 

X 

10-V 

(7) 

where,  11  * enthalpy  in  Etu/lb  and 
T **  tempera  cure  in  ° F 

The  heats  of  combustion  used  for  the  four  fuels  are  listed  in  Table  VI. 
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Figure  29.  Thermal  Conducti vi tes  of  Fuels  Used  in  FLITE  Program 
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Temperature  , 


Table  VI.  FLITF.  Program  Fuels 

Lower  Heats  of  Combustion 


Fuels 

Heat  of  Combustion 

JP-4 

18,/ 00  Btu./lb 

JP-5 

18,500 

JP-7 

18,700 

JP-8 

18,550 

The  thermal  stability  limits  of  the  four  fuels  were  considered  at  three 
operational  levels;  unlimited  service,  limited  service  (cleansble  after 
several  missions)  and  research  level.  These  limits  a>.  e presented  in  Table 
VII. 


Table  VII. 

FLITE  Program  Fuels 

Thermal  Stability  Limits 

Thermal 

Stability  Limit 

Unlimited 

Limited 

Research 

Fuel 

Service 

Service 

Level 

JP-  4 

325°  F 

JP-5 

325 

475 

— 

JP-7 

550 

700 

1000°  F 

J[-8 

325 

475 

— 

although  the  original  progr?_  concept  was  to  use  the  unlimited  service 
fuel  thermal  stability  limits,  the  operational  characteristics  of  the  Mach  4+ 
int  '.rceptors  and  the  search  for  maximum  use  of  available  heat  sink  in  both 
the  Mach  3+  and  Mach  4+  interceptors  dictated  the  definition  of  the  higher 
levels.  Evidence  to  support  the  limited  service  values  was  gathered  through 
the  examination  of  laboratory  test  (MINEX)  results  from  a substantial  number 
of  tests  on  the  thermal  stabilities  of  JP-type  fuels. 

Extablishment  of  the  research  level  of  1C00°  F for  JP-7  fuel  was  principally 
the  result  of  tests  documented  in  F.eference  15  in  which  highly  refined  JP-5 
was  elevated  to  temperatures  of  this  order  of  magnitude  for  short  residence 
tine  tests.  Acceptance  of  this  level  permitted  the  definition  of  a heat  exchanger 
design  for  the  Mach  3+  interceptor  that  produced  significant  improvements  in 
mission  performance.  In  the  absence  of  JP-7  data  at  these  elevated  temperatures, 
JP-5  data  as  defined  in  Reference  10  were  substituted.  Liquid  data  were  utilized 
up  to  the  critical  point  of  750°  F where  the  transition  was  made  to  vapor  phase 
data.  The  accuracy  of  these  data  would,  of  course,  be  highly  questionable,  but 
they  were  deemed  acceptable  for  the  definition  of  potential  to  which  use  they 
were  applied. 
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D . 2 Lubricant  Properties 


The  contractual  work  statement  required  that  the  following  lubricants  be 
evaluated  in  the  course  of  the  program: 


0 

MIL-L-27502 

425° 

F BOT 

o 

Hypothetical  ester 

500° 

F BOT 

0 

Polyphenyl  ether 

575° 

F BOT 

0 

Perf  luorinated  polyether 

650° 

F BOT 

In  order  to  quantify  the  effects  of  lubricant  properties  on  engine  design, 
it  was  necessary  to  establish  specific  characteristics  for  each  oil.  Technical 
representatives  of  major  lubricant  suppliers  were  contacted  to  discuss  the 
current  status  of  these  lubricants,  particularly  with  respect  to  polyphenyl 
ethers  and  perf luorinated  polyethers. 

For  purposes  of  the  study  a representative  fluid  was  chosen  as  realis- 
tically as  possible  within  each  category  on  which  the  maximum  amount  of  pro- 
perty data  are  available.  Rationale  for  fluid  selection  within  each  class 
are  given  as  follows: 

o MIL-L-27502.  This  specification  represents  a class  of  synthetic 
ester-base  lubricants  of  high  oxidative  stability.  Because  the 
specification  is  still  conceptual,  average  lubricant  properties 
of  real  ester-base  fluids  (in  most  cases  MIL-L-23699,  but  including 
MIL-L-27502  candidate  oils)  were  assumed. 

o 500°  F Hypothetic  Ester.  In  order  to  assess  the  effect  of  higher 
bulk  oil  stability  only,  properties  were  assemed  to  be  identical 
with  MIL-L-27502,  but  with  higher  bulk  oil  stability  (500°  F rather 
than  425°  F) . 

o Polyphenyl  Ether.  The  properties  of  "Skylube  600"*  polyphenyl  ether 
were  selected  as  a design  basis.  A chemical  variation  known  as  a 
"C-ether"  appears  to  have  a better  overall  balance  of  properties; 
however,  physical  properties  sre  less  well  established. 

o Per f luorinated  Polyether.  Prominent  among  this  class  of  fluids  are 

the  hexafluoropropylene  epoxide  (HFPO)  polymers,  marketed  by  Du  Pont 
under  the  trade  name  "Krytox"**  fluids,  and  by  Montecatini-Edison 
5.P.A.  "Fdmblin"***  fluids.  Several  viscosity  grades,  differing 
in  polymer  length,  are  available.  Du  Pont  has  developed  another 
variation  based  upon  triazine,  known  as  the  HFPO-triazine  fluids. 
These  promise  to  be  eventually  lower  in  cost  with  practically  the 
same  capabilities  as  the  HFPO  polymers.  The  properties  of  Krytox 
143AC  were  selected  tor  the  design  comparison. 


*Trademark  Monsanto  Company 

♦♦Trademark  DuPont  Company 

♦♦♦Trademark  Montecantini-Edison 
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A necessary  task  of  the  program  was  to  establish  the  pertinent  properties 
of  these  lubricants.  Design  curves  giving  nominal  properties  were  developed 
for  the  following  properties,  all  versus  temperature: 

o Viscosity 

o Specific  gravity 

o Thermal  conductivity 

o Specific  heat 

o ' Vapor  pressure 
o Isentropic  tangent  bulk  modulus 

These  curves  are  presented  in  Figures  31  through  38. 

The  source  references  and  the  assumptions  inherent  in  the  generation  of 
these  property  data  are  summarized  as  follows  for  each  of  the  four  lubricants: 

MIL-L-27502 


Source 

References 

Viscosity.  Design  curve  is  based  on  MIL-L-27502 
limits  of  17,000  cs.  max.  at  -40°  F and  1.0  cs. 

min.  at  500°  F.  (11)  (12) 

Specific  Gravity.  Curve  is  based  on  an  average  of 
several  5-centistoke  oils  including  MIL-L-27502 

candidate  oils.  

Thermal  Conductivity.  Curve  Is  based  on  least  quares 

average  of  data  from  vendor  sources  on  various  ester- 

base  oils  Including  MIL-L-27502  candidate  oils.  

Specific  Heat.  Curve  is  based  on  an  average  of  several 
’’Type  2:'  oils,  including  a MIL-L-27502  candidate  oil. 

Note  that  MIL-I -27502  limits  are  considerably  lower 

than  typical  values  for  real  oils.  

Vapor  Pressure.  Curve  is  based  on  MIL-I-23699  average 

derived  from  ASTM  D972  Evaporation  Loss  data.  

Bulk  Modulus,  Isentropic  Tangent.  Curves  are  bused  on 

a MIL-L-2369S  oil,  run  by  the  method  of  MIL-H-27601 

(p-V-T  method)  by  Midwest  Research  Institute,  General 

Electric  Proprietary  data.  Data  agree  well  with 

similar  data  determined  or.  a MIL-L-9236B  oil.  
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bricants  Used  in  FLITE  Progrr. 
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040 


Polyphenyl  Ether 


Vapor  Pressure 


200 


Figure  35.  Vapor  Pressures  of  Lubricants  Used  in  FLITt'  Program. 


07 


Isentroplc 


Pressure,  psig 

Figure  37.  Pulk  Modulus  of  Polyphenyl  Ether. 
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Isentroplc  Tangent  Bulk  Modulus,  Kpsi 


Note  that  bulk  modulus  data  on  all  fluids  were  derived  from  isothermal 
tangent  bulk  modulus  (B^)  data  determined  by  Midwest  Research..  In  all  cases, 
isentropic  tangent  bulk  modulus  (Bs)  was  calculated  by  multiplying  by 
Y a Cp/Cy.  y was  assumed  to  be  1.12  in  all  cases.  Therefore  Bs  - 1.12  Bt. 

Source 

500°  F Hypothetical  Ester  References 


All  six  properties  are  assumed  identical  to 
that  of  MIL-L-27502,  as  explained  above. 

Polyphenyl  Ether  (Sky lube  600,  5P4E) 


Viscosity 
Specific  Gravity 
Thermal  Conductivity 
Specific  Heat 

Vapor  Pressure  (isotheniscope) 

Bulk  Modulus,  Isentropic  Tangent 

Perfluorinated  Polyether  (Krytnx  143AC) 


Viscosity 
Specific  Gravity 
Thermal  Conductivity 
Specific  Heat 

Vapor  Pressure  (Isoteniscope) 
Bulk  Modulus , Isentropic  Tangent 


(12)  (13)  (14) 
(13) 

(13) 

(13) 

(13) 

(15) 


(16) 

(15)  (16) 

(16)  (17) 
(16) 
(15) 


Recommended  maximum  service  temperatures  are  based  largely  on  General 
Electric  experience  with  the  several  fluids,  and  in  consideration  of  available 
physical  and  chemical  property  characteristics.  Values  for  the  hypothetical 
500°  F ester  are,  of  course,  assumed. 

Maximum  service  temperature  may  be  limited  by  either  hydrolytic,  oxidative, 
or  thermal  stability  criteria.  In  a hydraulic  system  in  contact  with  air, 
hydrolytic  stability  is  limiting.  In  a lubrication  system  in  contact  with  air, 
oxidative  stability  is  limiting  in  all  cases  except  for  the  perfluorinated 
fluid.  In  inerter  systems,  the  thermal  stability  is  limiting.  (Volatility, 
lubricity,  or  fire  safety  may  become  limiting,  however.)  The  limiting  tempera- 
tures for  the  four  study  .lubricants  were  assumed  to  be  as  listed  in  Table  VIII. 


Table  VIII.  FLITE  Program  Lubricants  - Limiting  Temperatures 

Maximum  Temperature,  0 F 


Lubricant 

Thermal 

Oxidative 

Hydrolytic 

MIL-L-27502 

600 

425 

400 

500®  F Hypothetical  Ester 

600 

500 

425 

Polyphenyl  Ether 

800 

600 

No  Limit 

Perfluorinated  Polyether 

670 

No  Limit 

No  Limit 
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Equations  for  viscosity  were  developed  for  each,  of  the  study  lubricants 
based  on  the  design  curves  issued.  No  one  simple  mathematical  equation  can 
be  fitted  to  such  wide-range  viscosity  data.  Viscosities  of  non-ester  fluids 
deviate  significantly  from  the  curve  fit  used  for  hydrocarbons.  Using  two 
equations,  however,  an  excellent  fit  over  the  entire  range  was  achieved.  A 
model  reported  in  Reference  12  was  used  successfully,  except  that  temperatur- 
in  degrees  Rankine  was  utilized.  This  avoids  logarithms  of  zero  or  negative 
numbers  and  division  by  zero.  In  the  computer  model,  the  switch  from  one 
equation  to  the  other  is  made  at  7.5  centistokes  or  an  appropriate  temperature. 
Equations  for  each  lubricant  are  as  follows  (v  = kinematic  viscosity  in  centi- 
stokes, and  T - temperature  in  degrees  Rankine): 

MIL-L-27502  and  500e  F Hypothetical  Ester 

In  In  (v  + 0.6)  ■ A + B In  T (8) 

(-40°  to  500°  E)A-  24.3051 
B - -3.64686 

5P4E  Polyphenyl  Ether 

In  v « A + B In  T + C/T  (9) 

(100°  to  250°  F):  A - -528.076 

B - 69.2459 
C - 53595.4 
(2503  to  700°  F):  A - -47.0343 

B - 5.47088 
C - 9295.84 

Perfluorinated  Polyether 

In  v - A + B In  T + C/T  (10) 

(100°  to  300°  F):  A - -154.632 

B - 19.6482 
C - 20129.8 
(300°  to  700°  F):  A - -12.8457 

B - 1.04858 
C - 6117.77 

Linear  equations  were  fitted  to  the  specific  heat  data. 

Cp  - A + BT  (11) 

Temperature,  T,  is  either  in  0 F or  0 R;  Cp  is  either  in  Btu/lb/°  F 
(or  ° R)  or  Cal/gm/°  K.  Different  values  of  A are  used  for  Fahrenheit  and 
Rankine  and  are  presented  in  Table  IX. 
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Table  IX.  Lubricant  Viscosity  Equation  Coefficients 


MIL-L-27502 
500°  F Ester 
Polyphenyl  Ether 
Perfluorlnated 
Fluid 


A A 

(°  F)  (a  IQ B 

0.421546  0.278356  3.11486  x 10~4 

0.421546  0.278356  3.11486  x 10“4 

0.336850  0.190436  3.185  x 1Q-* 

0.203400  0.098588  2.280  x 10-4 


Range 

C“40°  to  500°  F) 
(-40°  to  500°  F) 
C+1006  to  700°  F) 

(+100°  to  700°  F) 


SECTION  IV 


MISSION  A RESULTS 


A.  Utilization  of  Fuel  Heat  Sink 


In  addition  to  using  the  fuel  as  a heat  sink  for  cooling  the  lubricants 
id  hydraulic  fluids,  studies  were  made  to  determine  the  potential  use  of  ex- 
cess fuel  heat  sink  for  cooling  turbine  and  exhaust  system  components  in  the 
GE16/FLITE-1A  engine.  The  available  fuel  heat  sink  vas  considered  to  be  the 
difference  between  the  maximum  permissible  fuel  temperatures  of  325°  F for 
JP-5/8  and  570°  F for  JP-7  and  the  fuel  temperature  at  the  exit  of  the  main 
engine  control.  The  objective  of  these  studies  was  to  define  a heat  exchanger 
system  which  could  utilize  the  excess  fuel  heat  sink  in  a practical  engine 
cooling  system.  Screening  studies  were  made  of  system  concepts  in  terms  of 
heat  exchanger  location,  thermal  environment,  available  fuel  heat  sink,  and 
heat  exchanger  performance. 

The  heat  exchanger  design  point  was  selected  to  be  compatible  with  engine 
operation  at  cruise.  The  point  was  determined  from  an  analysis  of  engine  opera- 
ting points  along  the  Mission  A flight  path  which  showed  that  the  engine  cycle 
temperatures  achieve  their  maximums  and  the  permissible  fuel  temperature  rise 
becomes  minimum  during  the  cruise  portions  of  the  mission.  The  average  and 
maximum  fuel  temperatures  supplied  to  the  heat  exchanger  inlet  during  super- 
sonic cruise  are  approximately  275°  F and  300°  F,  respectively.  The  permissible 
fuel  temperature  rise  at  the  cruise  condition  is  shown  in  Table  X. 


Table  X.  Mission  A Available  Fuel  Temperature  Rise  at  Supersonic 
Cruise. 


Study 

Fuel 

T_  . Interface 
Fuel 

(°  F) 

T 

H-X  in 
(°  F) 

TA11ow 
(°  F) 

ATa  .. 
Avaxl 

(°  F) 

Base 

JP-5 

200 

250 

325 

75 

1 

JP-5/8 

250 

300 

325 

25 

2 

JP-7 

250 

300 

5701 

270 

1 - Use  of  570°  F as  the  allowable  JP-7  fuel  temperature  is  based  on  a 

fuel  wall  temperature  criteria  of  725°  F and  the  assumption  that  an 
approximate  100-150°  F AT  exists  between  the  fuel  and  its  wall  tempera- 
ture. 

A number  of  GE16/FLITE-1A  heat  exchanger  arrangements  was  qualitatively 
studied  to  determine  which  systems  made  effective  use  of  the  available  fuel 
heat  sink  and  which  systems  were  compatible  with  practical  engine  designs.  The 
system  arrangements  studied  included  the  following: 
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1.  Fu '1/air  heat  exchanger  for  cooling  the  low  pressure  turbine  cooling 
air. 

2.  Fuel/air  heat  exchanger  for  cooling  the  duct  nozzle  cooling  air. 

3.  Fuel/air  heat  exchanger  for  a partical  core  air  precooler. 

4.  Direct  fuel  cooling  of  the  high  pressure  turbine  diaphragm. 

As  the  high  pressure  turbine  cooling  air  circuit  is  withir  the  rotating 
structure  of  the  GE1S/FLITE-1A  engine,  this  cooling  air  was  inaccessible  for 
use  in  the  heat  exchanger  study  concepts 

When  the  candidate  concepts  were  limited  to  fuel  temperature  increases  of 
25°  F in  Study  1 and  270°  F in  Study  2,  Concepts  3 and  4 were  eliminated  as 
contenders  due  to  insufficient  fuel  heat  sink.  The  partial  core  air  precooler 
(Concept  3)  was  considered  impractical  because  with  the  fuel  heat  sink  available, 
this  system  produced  a flow  path  blockage  and  required  a compensating  increase 
in  core  size.  There  was  sufficient  fuel  heat  sink  for  the  direct  fuel  cooling 
of  the  high  pressure  turbine  diaphragm  (Concept  4)  si  ce  this  concept  required 
about  2-1/2  times  the  fuel  heat  sink  made  available  wnen  JP-7  is  limited  to  a 
270°  F fuel  temperature  rise.  Thus  of  the  four  concepts  considered  for  the 
utilization  of  fuel  heat  sink  in  the  mission,  only  the  LP  turbine  cooling  air 
cooler  and  the  duct  nozzle  cooling  air  cooler  were  judged  worthy  of  more  detailed 
study. 

For  Study  1,  which  specifies  JP-5/8  fuel  at  a maximum  engine  inlet  fuel 
temperature  of  250°  F,  thermal  analysis  results  indicated  end-of-cruise  fuel 
temperatures  of  approximately  300  to  310°  F at  the  fuel  nozzles  of  the  duct  main 
burner  and  core  combustor.  Since  JP-5  and  JP-8  were  considered  to  have  a thermal 
stability  limit  of  325°  F,  each  of  these  fuels  had  insufficient  fuel  heat  sink 
capacity  to  justify  the  inclusion  of  a fuel/air  heat  exchanger  for  cooling  either 
the  low  pressure  turbine  cooling  air  or  the  duct  nozzle  cooling  air. 

Two  sets  of  JP-7  maximum  fuel  temperaure  and  maximum  wall  temperature 
criteria  were  considered  for  Study  2 (JP-7  @ 250°  F) . 

o ^Fuel  Max.  = 550°  F and/or  T^au  Max.  = 575°  F,  which  are  considered 
to  be  zero  risk  levels  leading  to  unrestricted  fuel  residence  times 
without  fuel  decomposition  or  fuel  side  depositions. 

o TFuel  Max.  = 700°  ? and/or  T^all  Max.  = 725°  F,  which  are  considered 
to  be  limited  risk  temperature  levels  leading  to  shorter  fuel  re- 
sidence time,  some  fuel  side  deposits,  and  a requirement  to  periodi- 
cally clean  the  fuel  side  of  the  heat  exchanger  surfaces. 

Each  set  of  fuel  temperature/wall  temperature  criteria  shown  above  was  used  to 
define  a cooling  system  which  fully  utilized  the  available  fuel  heat  sink.  The 
lower  fuel  temperature  limit  (550°  F)  was  applied  to  the  duct  nozzle  cooling 
air  cooler  design.  Since  the  exhaust  nozzle  uses  fan  air  (764"  F at  cruise) 
for  cooling,  it  follows  that  the  fuel  tube  wall  temperature  cannot  reach  the 
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725°  F level  associated  v?ith  a limited  risk  system.  Similarly,  the  low  pres- 
sure turbine  cooling  air  cooler  operates  with  an  air  side  inlet  temperature  of 
1070"  F which  implies  severe  limitations  on  the  cooling  potential  with  a 550°  F 
fuel  temperature  limit.  Thus,  the  low  pressure  turbine  cooling  air  cooler 
svstem  is  more  practical  when  based  on  the  use  of  the  higher  (725°  F)  wall 
teaperature  limit. 

Fuel-to-air  neat  exchanger  sizing  the  performance  evaluations  for  the  two 
heat  exchanger  systems  were  made.  Each  system  utilized  the  total  engine  fuel 
flow  in  a heat  exchanger  which  was  located  upstream  of  rhe  engine  control. 

The  exchanger  sizing  point  selected  for  each  ystern  study  corresponded  to  the 
cruise  operating  condition  and  represented  Hit  maximum  turbine  inlet  and 
cooling  temperature  operation  for  the  engine. 

Results  of  the  heat  exchanger  system  studies  are  presented  in  Tables  XI 
through  XVII.  Table  XII  summarizes  the  design  configurations  and  dimensional 
data  for  the  two  heat  exchanger  designs  investigated  for  the  LP  turbine  cooling 
air  cooler.  The  corresponding  performance  data  at.  the  design  point  and  four 
off-design  operating  points  are  summarized  in  Tables  XIT1  and  XTV.  Similar 
results  for  the  duct  nozzle  cooling  air  cooler  are  given  in  Tables  XVI  and  XXII. 

System  1 - (LP  Turbine  Cooling  Ai r Cooler) 

The  low  pressure  turbine  coolinc  air  is  Stage  1 bleed  air  and  for  this 
system  is  equal  to  ]0.5%  of  the  core  flow  fW25) . Since  the  baseline  engine 
uses  15.5%  Vi'25  for  low  pressure  turbine  cooling  air,  the  addition  of  the  fuel/ 
air  heat  exchanger  to  the  cooling  circuit  reduces  the  required  coc lant  flow  by 
about  32  percent.  Some  pertinent  engine  operating  parameters  corresponding  to 
the  heat  exchanger  design  point  and  to  typical  operating  noints  at  which  the 
heat  exchanger  performance  was  evaluated,  are  shown  in  Table  XI. 

The  heat  exchanger  configuration  selected  is  a bare  tube  rross  flow  heat 
exchanger  with  the  fuel  flow  inside  ; •»  tubes  and  the  airflow  normal  to  the 
ful"*s  This  type  of  configuration  generally  results  in  minimum  heat  exchanger 
weight  and  is  particularly  well  suited  for  aircraft  engine  applications,  since 
it  readily  lends  itself  for  uniform  arrangement  around  the  engine  circumference 
within  the  engine  outer  casing.  The  heat  exchanger  required  Co  meet  the  speci- 
fied operating  conditions  consists  of  a bank  of  tubes  of  0.1 87  inch  OD,  0.007 
inch  wail  thickness  located  in  the  interstage  bleed  air  annular  duct  above  the 
combustor  as  shown  in  Figure  39.  The  tubes  are  arranged  circumferentially  in  a 
5 x 40  array.  Fuel  is  fed  to  the  tubes  from  a single  axial  manifold  and  is 
discharged  from  the  tubes  into  a second  axial  manifold  located  180°  from  the 
inlet.  The  manifolds  are  spaced  180"  apart  and  are  split  longitudinally, 
permi.tiug  a simple  assembly  of  the  heat  exchanger.  The  configuration  includes 
orifices  at  the  tube  exit  in  order  to  assure  uniform  flow  distribution.  The 
orifice  pressure  drops  are  equal  to  3 times  the  tubing  pressure  drop.  Radial 
supports  located  3.75  Inches  apart  minimize  bending  stresses  on  the  Lubing  and 
assure  natural  frequencies  above  engine  and  vortex  shedding  excitation  frequen- 
cies. A schematic  diagram  of  the  heat  exchanger  configuration  is  shown  in 
Figure  40.  The  heat  exchanger  material  is  a high  strength  stainless  steel 
alloy.  Estimated  weight  of  the  heat  exchanger,  exclusive  of  the  fuel  supply 
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Schematic  Diagram  of  Heat  Ex  ranger  Configuration  for  LP  Turbine  Cooling  Air  Heat 
Exchanger. 


lines  is  40.4  lb,  of  which  21.7  lb  is  tubing  weight  and  the  balance  is  the 
weight  of  the  manifolds  and  support  structure.  Titanium  fuel  lines  from  the 
hydraulic  oil  heat  exchanger  to  the  fuel/air  exchanger  and  return  to  the  con- 
trol pod  weigh  4.84  lb  making  the  total  estimated  system  weight  equal  to  47.4 
lb  for  the  100%  engine  size.  A tabulcfion  of  the  basic  heat  exchanger  dimen- 
sions is  given  in  Table  XII. 

The  resulting  heat  exchanger  performance  obtained  for  the  above  configura- 
tion is  shown  in  Table  XIII.  In  addition  to  design  point  data,  performance  data 
at  four  selected  off-design  operating  points  are  also  included  in  Table  XIII. 

It  may  be  observed  that  this  heat  exchanger  configuration  yields  a cooling  air 
temperature  decrease  ■. f 503°  F with  a corresponding  fuel  temperature  rise  of 
267°  F.  The  maximum  fuel  and  tube  wall  temperatures  are  obtained  at  the  end- 
of-cr1'  » operating  point  at  which  time  the  mu  imum  temperatures  are  567"  F 
and  ' ’ for  the  fuel  and  tube  wall,  respectively.  The  maximum  air  side  pres- 

sure drop  is  1.80%  ant  occurs  at  the  design  point. 

An  alternate  heat  exchanger  configuration  for  the  low  pressure  turbine 
cooling  air  designed  to  further  reduce  the  fuel  wall  temperatures,  was  also 
evaluated.  The  configuration  was  obtained  by  modifying  the  original  configura- 
tion so  as  to  introduce  four  passes  into  the  heat  exchanger  fuel  flow  circuit. 
This  can  be  realized  by  the  addition  of  two  baffles,  each,  into  the  inlet  and 
exit  manifolds.  The  design  configuration  and  the  dimensional  data  for  the  LP 
turbine  cooling  air  four-pass  cross-flow  heat  exchanger  is  given  In  Table  XII 
and  the  corresponding  pet formance  data  in  Table  XIV.  It  may  be  observed  the 
maximum  fuel  surface  temperature  is  reduced  from  717°  F to  600°  F.  This  Is 
accomplished  at  the  expense  of  increased  fuel  side  pressure  drop,  however,  the 
resulting  pressure  drops  are  still  within  acceptable  limits 

System  2 (Duct  Kxhaust  Nozzle  Cooling  Air  Heat  Exchanger) 

The  heat  exchor.yer  sizing  point  selected  for  this  study  corresponds  to 
the  cruise  operating  condition  of  the  aircraft  flight  mission  and  represents 
the  maximum  and  coolant  temperature  operation  of  the  flight  spectrum  for 

the  engine.  The  average  fuel  temperature  available  at  the  heat  exchanger  In- 
let is  approximately  275’  F.  The  JP-7  fuel  temperatu  -e  rise  for  the  fuel  to 
exhaust  nozzle  cooling  air  was  set  at  300°  F.  The  nozzle  cooling  air  is 
equal  to  5 02  of  the  fan  flow  (W|).  Some  pertinent  engine  operating  parameters, 
corresponding  to  the  heat  exchanger  design  point  and  to  typical  operating  points 
at  which  the  heat  exchanger  performance  was  evaluated  are  shown  in  Table  XV. 
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TabLe  XI.  Operating  Conditions  for  I.P  Turbine  Cooling 
Air  Heat  Exchanger . 


Operating  Point 

Cruise 
Des . F 

t4  <°F) 

3,702 

Core  Airflow  (pps) 

23.4 

Coolant  Flow  (pps) 

2.44 

Duct  Fuel  Flow  (pps) 

1.0 

Core  Fuel  Flow  (pps) 

0.78 

Total  Fuel  Flow  (pps) 

1.78 

P3  (psia) 

33.97 

T (°  F) 

1,173 

Coolant  Pressure  (psia) 

(1) 

27.3 

Coolant  Inlet  Temperature 

(°  R)(1) 

1,530 

Fuel  Inlet  Temperature 

(°R) 

735 

(1)  Stage  3 bleed 


End  of 
Cruise 

Takeoff 

End  of 
Accel 

Conbat 

3,707 

3,559 

3,491 

3,646 

23.4 

121.8 

177.65 

32.0 

2.44 

12.65 

18.5 

3.35 

1.0 

9.15 

20.03 

4.0 

0.78 

4.45 

5.20 

1.03 

1.78 

13.60 

25.50 

5.03 

33.97 

166.7 

246.6 

45.85 

1,173 

663 

1,153 

1,165 

27.3 

118.0 

195.0 

37.0 

1,530 

970 

1,508 

1,524 

735 

619 

660 

685 
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Table  XII.  LP  Turbine  Cooling  Air  Cooler  Heat  Exchanger 
Configurations,  100%  Engine  Size. 


1 - Pass 

4-Pass 

H~X  Config. 

H-X  Config. 

Tube  OP  (in) 

0.187 

0.187 

Tube  Wall  Thickness  (in) 

0.007 

0.007 

Transverse  Spacing  (3n) 

0.327 

0.319 

Axial  Spacing  (in) 

0.235 

0.235 

Heat  Exchanger  Axial  Length  (in) 

9.588 

10.15 

Number  of  Transverse  Rows 

5 

5 

Number  of  Axial  Rows 

40 

40 

Number  of  Manifolds 

2 

4 

Manifold  Diameter,  ID  (in) 

3.0 

3.88 

Annular  Passage  ID  (in) 

30.0 

30.0 

Annular  Passage  0D  (in) 

33.27 

33.19 

Total  External  Heat  Transfer  Area 

81.3 

81 .2 

(ft2) 

Heat  Exchanger  Volume  (in~S 

1,559.8 

1,606.9 

Tubing  Weight  (lb) 

23.74 

23.71 

Manifold  Weight  (lb) 

6.60 

7.80 

Support  Weight  (l.b) 

4.00 

4.60 

H--X  Weight  (lb) 

34.34 

36.11 

Fuel  Piping  Weight  (lb) 

6.01 

6.01 

Total  System  Weight  (ib) 

40.35 

42.12 
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Table  XIII.  Operating  Conditions  for  I.P  Turbine  Cooling  Air 


Heat 

exchanger 

(Single- 

-Pas;;  Cross- 

-Flow  Configuration 

100% 

Engine  Size. 
Cruise  End  of 

End  of 

Operating  Point 

Des - Pt. 

Cruise 

T/O 

Ac.cei 

Combat 

Core  Airflow,  W ^ (pps) 

23.4 

23.4 

121.8 

177.6 

32.0 

LP  Turbine  Coolant  Flow 
(pps) 

2.44 

2.44 

12.6 

18.5 

3.35 

Duct  Fuel  Flow  (pps) 

1.0 

1.0 

9.15 

20.30 

4.0 

Core  Fuel  Flow  (pps) 

0.78 

0.78 

4.45 

5.20 

1.03 

Total  fuel  Flow  (pps) 

1.78 

1 . 78 

13.60 

25.50 

5.03 

P3  (psia) 

33.97 

33.97 

.166.7 

246.6 

45.85 

T3  (°  R) 

1,633 

1,633 

1,123 

1,613 

1,625 

Coolant  Pressure  (psia)* 

27.3 

27.3 

118.0 

195.0 

37.0 

Coolant  Inlet  Temp.  (°  R) 

* 

1,5  30 

1,530 

9 70 

1,508 

1,524 

Fuel  Inlet  Temp.  (°  R) 

735 

785 

619 

660 

685 

AT  Fuel  (°  F) 

266.6 

242.4 

76.2 

146.3 

162.1 

AT  Air  (°  F) 

503.2 

480.7 

173.7 

438.7 

555.4 

(AP/'P)  Air  (%) 

1.78 

1.80 

1.42 

1.56 

1.61 

AP  Fuel  (psia) 

0.04 

0.04 

11.20 

3.20 

0 . 20 

Effectiveness  (%) 

0.633 

0.645 

0.495 

0.516 

0.702 

TF»el  «“•  <"  » 

541.6 

567.4 

235.2 

346.3 

387.1 

TWall  Hi,x-  ('  F) 
* Stage  3 Bleed 

706.4 

716.5 

314.4 

507.3 

513.7 
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Table  XIV. 

Operating  Conditions  for 

I.P  Turbine 

Cooling 

Air  Heat  Exchanger  (Four- 

Pass  Cross 

-Flow 

Configuration) 

, 100%  Engi 

ne  Size. 

Cruise 

End  of 

End  of 

Operating  Point 

Des . Pt . 

Cruise 

T / O 

Accel 

Combat 

Core  Airflow,  (pps) 

23.4 

23.4 

121.8 

177.6 

32.0 

LP  Turbine  Coolant  Flow 

2.44 

2.44 

12.6 

18.5 

3.35 

(pps) 

Duct  Fuel  Flow  (pps) 

1.0 

1.0 

9.15 

20.30 

4.0 

Core  Fuel  Flow 

0.78 

0.78 

4.45 

5.20 

1.03 

(pps) 

Total  Fuel  Flow  (pps) 

1.78 

1.78 

13.60 

25.50 

5.03 

(psia) 

33.97 

3'  .97 

166.7 

246.6 

45.85 

T3  (°  R) 

1,633 

1,633 

1,123 

1,613 

1,625 

Coolant  Pressure  (psia) 

* 27.3 

27.3 

118.0 

195.0 

37.0 

Coolant  Inlet  Tetnp.  (° 

R)*  1,530 

1,530 

970 

1,508 

1,524 

Fuel  Inlet  Temp.  (°  R) 

735 

785 

619 

660 

685 

AT  Fuel  (°  F) 

265.2 

240.5 

84.9 

159.8 

164.1 

AT  Air  (°  F) 

499.9 

476.2 

195.0 

4C3.4 

563.9 

(AP/P)  Air  (%) 

1.94 

1.97 

1.60 

1.72 

1.73 

AF  Fuel  (psia) 

0.35 

0.35 

14.8 

47.5 

2.30 

Effectiveness  (%) 

0.629 

0.639 

0.556 

0.570 

0.719 

Tfuel  M“-  <’  F> 

540.2 

565.5 

243.9 

359.8 

289.1 

W HO.  C « 

581 

600 

257 

287 

413 

Residence  Time  (sec) 

6.15 

6.00 

0.96 

0.46 

2.39 

* Stage  3 Bleed 


Table  XV.  Operating  Conditions  for  Duct  Nozzle  Cooling  Air 
Heat  Exchanger,  100%  Engine  S^ze. 


Operating  Point 

Cruise 
Des . Pt 

End  of 
Cruise 

Takeo  f f 

End  of 
Accel 

Combat 

Fan  Air  Flow  Rate,  W.  (pps) 

72.96 

72.96 

287.4 

510.6 

9 7.69 

Coolant  Flow  Rate  (pps) 

2.30 

2.30 

8.65 

16.3 

3.08 

Duct  Fuel  Flow  Rate  (pps) 

1.0 

1.0 

9.15 

20.30 

4.0 

Core  Engine  Fuel  Flow  Rate 

0.  78 

0.78 

4.45 

5.20 

1.03 

(pps) 

Total  Fuel  Flow  Rate  (pps) 

L.  78 

1.78 

13.60 

25.50 

5.03 

Coolant  Pressure,  Pj.  (psia) 

13.46 

13.46 

33.46 

96.46 

17.91 

Coolant  Inlet  Temperature, 

764 

764 

223 

746 

756 

t14,  (•  f) 

Fuel  Inlet  Temperature  (°  F) 

275 

325 

159 

200 

225 

The  heat  exchanger  was 

assumed  to 

be  located 

between 

the  inner 

duct  wal 

and  the  compressor  casing  with  the  fuel  circuit  being  upstream  of  the  main 
engine  control.  Thus,  splitting  and  metering  of  the  core  engine  and  duct  fuel 
flow  takes  piece  downstream  of  the  heat  exchanger.  This  approach  simplified 
the  heat  exchanger  design  and  is  believed  to  be  particularly  justified  on  the 
basis  of  the  low  fuel  temperature  rise  limit  set  i'or  this  study  and  anticipated 
relaxation  in  control  component  temperature  limits  that  may  result  from  future 
advancements  in  technology. 

The  basic  heat  exchanger  configuration  is  a single-pass  cross-flow  design 
similar  to  the  single  pass  I.P  turbine  configuration.  Details  of  the  design 
are  given  in  Table  XVI  and  the  resulting  performance  is  given  in  Table  XVII. 

Evaluation  of  the  duct  nozzle  cooling  air  fuel/air  heat  exchanger 
indicated  the  following  results. 

o The  duct  nozzle  cooling  air  supply  temperature  is  reduced 
297°  F and  the  cooling  airflow  is  reduced  29  percent  at 
the  design  point. 

o The  maximum  fuel  tube  wall  temperature  is  554°  F which  occurs 
at  the  end  of  cruise.  Since  the  duct  nozzle  uses  fan  air 
(764°  F at  cruise)  for  cooling,  it  follows  that  the  fuel  tube 
wall  temperatures  cannot  reacli  the  design  ■ riteria  at  725°  F. 

Thus  the  usable  fuel  heat  sink  is  restricted  to  approximately 
60  percent  of  the  available  fuel  heat  sink  in  the  duct  nozzle 
cooling  air  cooler. 
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Table  XVI.  Exhaust  Nozzle  Cooling  Air  Heat 
Exchanger  Design  Summary,  100% 

Engine  Size. 

Single  Pass  H-X. 
Configuration 


Tube  0D  (in) 

0.188 

Tube  Wall  Thickness  (in) 

0 . 007 

Transvfrse  Sparing  (in) 

0.343 

Axial  Spacing  (in) 

0.235 

Heat  Exchanger  Axial  Length  I in) 

9.588 

Number  of  Transverse  Rows 

- 

Number  of  Axial  Rows 

40 

Number  of  Manifolds 

2 

Manifold  Diameter , ID  (in) 

2.0 

Annular  Passage  ID  (in) 

27.0 

Annular  Passage  0D  (in) 

30.43 

O 

Total  External  Heat  Transfer  Area  (ft“) 

73.8 

3 

Heat  Exchanger  Volme.  (in  ) 

1483.5 

Tubing  Weight  (lb) 

21.56 

Manifold  Weight  (lb) 

5.06 

Support  Weight  (ib) 

3.81 

H-X  Weight  (lb) 

30.43 

Fuel  Piping  Weight  (lb) 

4.yz 

Total  System  Weight  (lb) 

35.35 
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Tab  I a XV  r I . 


Operating  Condi t .ons  for  Duct  Nozzle  Goofing  Air  Heat 
Exchanger . 


Cruise 

end  of 

End  of 

Operating  Point 

Des . Pi. 

Ci uise 

T/O 

Ac. 

Combat 

Kan  Air  Flow,  (pp:-; ) 

72.96 

72.96 

274.0 

510.6 

97.69 

Duct  Nozzle  Cooj.,nt  (pps) 

2.3 

2.3 

8.65 

15.  1 

3.08 

Duct  yuel  Nozzle  (pps) 

1.0 

1.0 

9.15 

20.30 

4.0 

Core.  Fuel  Flow  (pps) 

0.78 

0.78 

4.45 

5.20 

1.03 

T o t.  a 1 1 ’uc  1 F low  ( pp  s ) 

1.78 

1.78 

13.60 

25  50 

5.03 

Coolant  Press.,  P ^ (psia) 

1 3 . 46 

13.46 

33.46 

96.46 

17.91 

Coolant  Inlet  Temp.  (c  R) 

1,224 

1 ,224 

683 

’ 1,206 

1,216 

Vue  1 Inlet  Temp.  (°  R) 

735 

785 

619 

660 

685 

AT  Fuel  C F) 

156.2 

176.3 

10.3 

81.3 

99  3 

AT  Air  (°  i") 

296.6 

271.8 

34  - 

2 73.4 

365.6 

(AI’/P)  Air  (7.) 

5.05 

5.13 

6 . 04 

3.77 

4.61 

AP  Fuel  (pul d) 

0.04 

0.04 

.1.08 

3.32 

0.16 

l-TFectl  veness 

0.607 

0.619 

0.338 

0.501 

0.689 

Tr  . Max . (°  F) 
) uel 

431.2 

461.3 

169.3 

281.3 

324.7 

T . . Max.  (°  F) 
wall 

538.3 

553.8/ 

181.6 

382.2 

411.9 
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o No  increase  In  rasing  diameter  is  required  for  the  duct  nozzle 
cooling  air  cooler. 

o The  air-side  pressure  drop  reaches  6.04  percent  at  takeoff 
and  represents  a potential  problem  due  tc  the  fact  that  a 
portion  of  the  air  passing  through  the  heat  exchanger  is 
used  for  inner  liner  cool.  in  the  duct:  burner. 

o Fuel  resid ence  Litre  in  the  heat  exchanger  ranges  from  a low 

of  0.52  seconds  at  the  end  of  accel  to  a high  of  7.45  seconds 
at  the  end  of  a cruise. 

o The  system  volume  heat  transfer  surface  area  and  weight  are 
1,483  cubic  itches , 73.8  square  feet,  and  44.74  pounds, 
respectively.  This  is  based  on  100  percent  engine  size. 

Based  on  the  tieat  exchanger  results  a an  performance  for  Study  2 (JP-7 
fuel  supplied  at  250°  F maximum  to  the  aircraft/engine  interface) , the  heat 
exchanger  performance  was  determined  using  three  engine  concepts: 

1.  Baseline  engine  (GE16/FLITE  1A)  - does  not  use  fuel  heat  sink 
In  turbine  cooling  circuits. 

2.  Baseline  plus  ducr  nozzle  cooling  air  cooler  - the  fuel  heat  sink, 
is  used  to  reduce  the  cooling  air  quantity  required  by  the  duct 
burner  exhaust  nozzle.  '.'he  fuel/air  heat  exchanger  is  lo  ated  in 
the  oaviLy  between  the  fan  duct  inner  wall  and  the  compressor 
casing. 

3.  Baseline  plus  low  pressure  (LP)  turbine  cooling  air  cooler-  the 
fuel  heat  sink  is  used  to  reduce  the  cooling  air  quantity  required 
by  the  LP  turbine  vanes  and  blades.  The  fuel/air  heat  exchanger 

is  located  in  the  interstage  bleed  air  duct  above  the  core  combustor. 

The  relative  performance  of  the  three  concepts  are  shown  in  Table  XVIII 
at  various  operating  conditions.  Based  on  these  results,  the  following  points 
ate  noted: 


1.  Based  on  the  performance  results  shown  in  Table  XV,  the  LP  turbine 
cooling  air  cooler  concept  is  superior  to  the  duct  nozzle  cooling 
air  cooler  concept.  At  the  engine  sizing  point  the  airflow  size 

can  be  reduced  by  1.5%  through  use  of  a LP  turbine  coding  air  cooler. 

2.  The  reduction  in  engine  SFC  with  an  LP  turbine  cooling  air  cooler 
averages  0,3%  for  the  four  operating  conditions  shown  in  Table 
XVI7I. 
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B. 


Thermal  An alys Is 
B. 1 Study  1 


Figure  41  shows  the  fluid  system  schematic  for  Study  1.  This  study  permit- 
ted the  maximum  fuel  temperature  to  the  engine  to  be  250°  F.  An  analysis  of 
the  heat  sink  requirements  for  the  aircraft  produced  the  air c raft /engine  inter- 
face fuel  temperature  profile  shown  in  Figure  42.  The  critical  cooling  region 
for  the  aircraft  systems  occurs  during  idle-descent  where  the  fuel  temperatures 
reach  the  230°  F maximum  level.  This  phase  of  the  mission  is  also  where,  the 
maximum  engine,  fuel  temperatures  are  achieved.  Coupling  these  results  would 
produce  severe  overtemperature  conditions  in  the  fuel  during  idle-descent 
without  effective  countermeasures. 

As  with  fh  ; baseline  engine,  this  modification  to  the  engine  fuel  delivery 
system  invc.  L :hf.  definition  of  a fuel  recirculation  system  to  provide  addi- 
tional neat  : Ink  during  idle-descent.  This  system  involves  a modified  main 
engine  control  to  include  a check  valve,  a solenoid-actuated  shut-off  valve,  a 
fuel  temperature  sensor  and  logic  tie-in  that  is  initiated  from  power  lever 
position  aid  fuel  temperature  entering  the  control.  A fixed  orifice,  sized 
for  maximum  recirculation  fuel  flow  at  the  Initiation  of  idle-descent,  main- 
tains 300°  F maximum  fuel  temperature  recirculating  to  the  aircraft  main  feed 
1 ank . 


The  inccr poration  of  the  fuel  recirculation  system  resulted  in  a weight 
penalty  of  2.9  pounds  in  the  engine  fuel  system,  slight  additional  weight  in 
the  aircraft  fuel  system  and  produced  about  a ,'°  F temperature  rise  in  the  mein 
feed  tank,  ihe  maximum  recirculation  flows  and  fuel  weight  increments  required 
with  each  of  the  candidate  lubricants  are  indicated  in  Table  XIX. 


Table  XIX.  Mission  A/Study  1 Recirculation  Fuel  Flow  Rates,  129.75ft  Engine  Size. 

Maximum  Recirculation  Fuel  Weight 


Lube/Hydraulic  Fluid 

Fuel  Flow  (pph) 

Increment. 

ilIL~L~27  302 

4,500 

315 

500°  F Ester 

L*-> 

o 

o 

301 

Polyphenyl  Ether 

4,150 

291 

Per  fluorine ted  P o 1 y e t \ i e r 

4,000 

280 

Tlie  definition  of  the  GElb/FLITE- 

-i.3  fluid  power  system 

remained  the 

as  that  defined  for  the  baseline.  An  investigation  of  .he  use  of  the  foul' 
lubricants  as  hydraulic  fluids  produced  the  weight  effects  shown  in  Table  XX. 

in  the  G£16/FLITE- LB  engine  lubrication  system,  engine  volumetric  oil  flow 
was  allowed  to  remain  the  same,  for  each  lubricant.  System  optimization  with 
tlie  higher  temperature  Lubricants  was  accomplished  by  the  removal  or  heat  shields 
and  insulation  and  by  scaling  the  aft  sump  cooling  air  fuel/3ir  cooler. 
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ssicn  A/Study  1 Fluid  System  Schematic 
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Table  XX.  C-E16/FLITE  IE  Baseline  Weight  Cotnpai  ison-Fuel  Delivery  System,  Fluid  Power  System. 
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(1)  Only  components  that  change  weight  are  listed 


This  cooler  is  located  in  the  duct  preburner  fuel  line  where  the  fuel  and 
air  flows  achieve  the  balance  necessary  for  satisfactory  heat  exchanger  perfor- 
mance. The  cooler  requirements  for  each  of  the  four  lubricants  is  shown  in 
Table  XXI.  No  cooling  is  required  for  the  perfluorinated  polyether  nor  is 
there  sump  air  cooling  required  for  any  of  the  lubricants  during  idle  descent. 

The  elevated  oxidative  stability  of  the  perfluorinated  polyether  permits  the 
removal  of  the  heat  shield  on  the  aft  wall  of  the  forward  sump,  however,  its 
high  vapor  pressure  necessitates  nonvented  sumps.  In  these  sump  designs,  the 
carbon  seals  are  used  as  air  seals.  New  labyrinth  oil  seals  are  added  with  the 
intermediate  cavities  vented  overboard  to  ambient  pressure. 

Lube  system  weight  changes  for  the  four  lubricants  are  summarized  in  Table 
XXII.  A summary  of  the  total  engine  weight  change  for  the  four  candidate  lubri- 
cants is  given  in  Table  XXIII. 

Figures  43  through  46  depict  the  results  of  flying  the  mission  with  each  of 
the  candidate  lubricants.  The  fuel  recirculation  for  each  lubricant  is  maintained 
for  the  first  five  minutes  of  idle-descent . This  recirculation  permits  operation 
of  the  system  during  idle-descent  with  the  fuel  delivery,  fluid  power  and  lubri- 
cation systems  all  operating  within  their  respective  thermal  limits. 

B.  2 Study  2 

Study  2 requires  the  use  of  JP-7  fuel  at  a maximum  inlet  temperature  of 
250°  F with  each  of  the  candidate  lubricants.  This  fuel  change  permits  an 
increase  in  the  maximum  fuel  temperatures  to  700°  F. 

A schematic  of  the  GE16/FLITE-1C  system  is  shown  in  Figure  47.  The  system 
is  essentially  the  same  as  the  Mission  A/Study  1 system  with  the  exception  that 
an  additional  fuel  air  cooler  was  added  upstream  of  the  fuel  control  to  utilize 
the  additional  temperature  capability  of  JP-7  fuel.  This  cooler  accepts  15.6% 
of  the  compressor  third  stage  bleed  air  and  provides  cooling  air  for  the  LP 
turbine.  The  fact  that  the  heat  exchanger  can  be  located  upstream  of  the  con- 
trol simplifies  the  heat  exchanger  design  in  that  all  splitting  and  metering  of 
the  core  engine  and  duct  fuel  flow  takes  place  downstream  of  the  heat  exchanger. 
The  engine  fuel  control  is  a laminated  plate,  titanium-body  design  that  permits 
the  elevated  fuel  temperatures.  Stainless  steel  piping  and  manifolds  are  required 
for  the  high  temperature  requirements. 

The  GE16/FLITE-1C  fluid  power  system  design  remained  essentially  unchanged. 
For  the  polyphenyl  ether  and  perfluorinated  polyether  lubricants,  the  design 
of  the  Integral  hydraulic  pump  was  modified  to  include  a stainless  steel 
housing  and  stainless  steel  seals.  Stainless  steel  piping  was  required  to 
handle  the  higher  temperature  capability  of  the  perfluorinated  polyether. 

The  GE16/FLITE-1C  engine  lubrication  system  also  remained  essentially 
unchanged  from  the  Study  1 design.  Nonvented  sump  designs  are  still  needed 
for  the  perfluorinated  polyether  lubricant  to  offset  the  deleterious  effects 
of  its  high  vapor  pressure. 
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Table  XXI. 


GE16/ FLITE-1B  Fuel/Air  Cooler  Requirements. 


Design  Flight  Condition 
WAIF  •=  0.00241  x 1.24  x 23.4  = 0.070  pps 

TBLD3  - Ta  - 1,072°  F 


A B C J) 


Q (Btu/min) 

358 

234 

100 

0 

ATair  (°  F> 

329 

214 

91 

0 

Ta2  (°  F) 

743 

858 

981 

1072 

TASP  C F) 

828 

920 

1019 

1092 

A “ MIL- 

L-27502 

15  =-•  500° 

F Ester 

C « Polyphenyl  Ether 
D “ Perfluor inated  Polyether 


1 A “ Cooler  air  inlet  temperature 

^A2  * Cooler  air  discharge  temperature 

ASP  * Air  temperature  at  sump  (includes 
heat  pickup  in  piping) 
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Table  XXII. 


GE16/FLITE-1B  Lube  System  Weight  (Variable  Items  Only). 


Parameter 

MIL-L 

27502 

500°  F 
Ester 

Polyphenyl 

Ether 

Perfluorinated 

Polyether 

Fuel/AIr  Cooler  (lb) 

10.7 

7.0 

3.0 

0 

Lube  & Hydraulic  Coolers 
(lb) 

14.7 

9.4 

7.0 

5.6 

"A"  Sump  Aft  Wall  Heat 
Shields  (lb) 

1.2 

1.2 

1.2 

0 

Fluid  Weight  (Tank  Fill 
Volume  + 1.0  gal.  "lost" 
oil  @ 80°  F fill  Temp.) 
(lb) 

20.6 

24.0 

28.6 

39.6 

Lub /Hydraulic:  Tank  (lb) 

17.4 

1ft.  4 

18.1 

17.4 

Additional  Hardware 
for  Nonvent ed  "A"  Sump 
(lb) 

0 

0 

0 

11.8 

Additional  Hardware  for 
Nonvented  "b"  Sump 
(lb) 

0 

0 

0 

7.9 

Total  (variable  items) 
(lb) 

64 . 6 

60.0 

57.9 

32.3 

A Weight  (lb) 

— 

-4.6 

-6.7 

+17.7 

Table  XXIII.  Summary  of  GE16/FLITE-1B  Engine  Weight  Changes  for  the 
Candidate  Lubricants,  129.75%  Engine  Size. 


ELITE-1B 
JP-5@250°  F 

MIL-L 

27502 

Hypothet  leal 
Ester 

Polyphenyl 

Ester 

Fuel  System  (lb) 

0 

0 

0 

0 

Fluid  Power  (lb) 
System 

— 

0 

0 

4-]  .62 

Lube  System  (lb) 

— 

0 

-4.6 

-6.7 

Engine  Cycle  (lb) 

0 

— 

— 

— 

Total  A Weight 
(lb) 

0 

0 

-4.6 

-5.1 

Perfluorinated 
Polyether 

0 

4-15 . 13 
4-17.7 


4-32.8 


1E16/FLITE-1B  Thermal  Profiles,  MIL-L-27502 


i 6/FLITE-  1 B 


es 


H/M  Control 


Mission  A/Study  2 Fluid  System  Schematic. 


A summary  of  Che  engine  weight  changes  for  the  use  of  the  four  candidate 
lubricants  in  the  GE16/FL LTE-1C  engine  is  shown  in  Tabae  XXIV. 


Table  XXIV  ^E16/FLITE-1C  Engine  Weight  Changes  for  the  Candidate 

Lubricants.  LP  Turbine  Fuel/Air  Cooler,  129.50%  Engine  Size. 


Lubricant/Hydraulic  Fluid 


System 

KIL-L-27  502 

500°  F 
Ester 

Polyphenyl 

Ether 

Perf luorinat 
Polyether 

Fuel 

80.9  1b 

8C.9  lb 

80.9  lb 

80.9  lb 

Fluid  Power 

0 

0 

6.9 

38.0 

Lubrication 

0 

-4.8 

-7.0 

18.6 

Total 

80.9  lb 

76.1  lb 

80.1  lb 

1.37.5  lb 

Although  the  maximum  fuel  temperature  has  been  increased  to  700°  K , recir- 
culation during  idle-descent  is  still  needed  to  maintained  the  lubrication 
sy turn  and  fluid  power  system  temperatures  within  tin  operating  temperature 
limits  defined  ior  each  of  the  candidate  iubricanLs.  These  recirculation  flow 
rates  and  their  associated  fuel  weight  penalties,  summarized  in  Table  XXV, 
follow  the  trend  of  the  bulk  oil  stability  temperatures  more  significantly  than 
the  predecessor  GE16/ ••  LITE-lli  system  as  the  fuel  no  longer  >equlro.s  the  elevated 
temperature  protectin'  . 


Table  XXV.  Mission  A Study  2 Recirculation  Fuel  Flow  Rates, 
129.50%  Engine  Size. 


Lubricant 

Hex. 

Flow  Rate 
(pph) 

Duration 

(min) 

Weight 

increment. 

(lb) 

MIL-I-27502 

4,250 

3 

212 

500°  F Ester 

3,500 

2 

11  7 

Polyphenyl  Ether 

2,800 

93 

Per f ] uoriuated 
Polyetiier 

2 ,noo 

1 

3 t 

Figures  48  through  51  depict  results  of  flying  the  mission  with  JP-7  fuel 
and  with  each  of  the  candidate  lubricants.  The  fuel  recirculation  is  maintained 
after  the  initiation  of  idle-desnant  , ranging  from  a maximum  of  3 mini' : ns  for 
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GET  6/FLITE-1C  Therrral  Profiles,  Polyphenyl  Ether. 


GE16/FLITE- 1C  Thermal  Profiles,  Per f luorl na ted  Polyether 


the  MIL-L-27502  lubricant  to  a minimum  of  1 minute  for  the  perfluorinated 
polyether.  This  recirculation  again  permits  operation  of  the  lubrication  and 
fluid  power  systems  during  the  critical  heat  sink  utilization  phase  of  the 
mission. 


B.3  Supplemental  Study 

As  a perturbation  of  the  Study  2 effort,  it  was  decided  to  investigate 
the  use  of  the  JP-7  heat  sink  by  the  airframe.  This  was  in  line  with  the  desire 
to  determine  the  optimum  method  of  heat  sink  utilization  for  the  mission. 

Figure  52  shows  the  GE16/FLITE-2D  fluid  system.  This  system  uses  JP-7 
fuel  at  a maximum  inlet  fuel  temperature  of  350°  F,  having  replaced  the  LP 
turbine  cooling  air  fuel/air  heat  exchanger  of  Study  2 by  a modified  aircraft 
ECS.  An  engine  gear  driven  refrigeration  unit  weighing  approximately  8 pounds 
is  necessary  to  cool  the  alternator  and  electronic  control  as  a maximum  of  280°  F 
must  be  maintained  in  these  components  to  provide  adequate  reliability. 

A summary  of  the  fuel  delivery  and  fluid  power  system  weight  changes  is 
presented  in  Table  XXVI.  The  lubrication  system  weight  remained  unchanged 
from  that  defined  for  Study  1.  A summary  of  the  total  engine  weight  changes 
for  the  use  of  the  four  candidate  lubricant  and  hydraulic  fluids  in  the 
GE16/FLITE-1D  engine  is  shown  in  Table  XXVII. 

Figure  53  shows  the  interface  fuel  temperature  profile  for  the  modified 
aircraft  ECS  design  that  permits  the  replacement  of  the  ram  air  heat  exchanger 
while  allowing  the  maximum  interface  fuel  temperature  to  rise  to  a maximum  of 
350°  F.  The  GF16  thermal  model  was  executed  using  this  profile  and  500°  F 
ester  lubricant  and  produced  the  system  temperature  profiles  as  shown  in  Figure 
54.  Allowing  the  interface  fuel  temperature  to  rise  produced  approximately  a 
twenty  four  pound  weight  penalty  to  the  engine  when  conpared  to  the  baseline 
GE16/FLITE-1A  design.  This  weight  addition  was  due  primarily  to  piping  material 
changes  from  titanium  to  stainless  steel  and  to  provide  thermal  protection  for 
the  electronics.  The  recirculation  fuel  flow  during  idle  descent  was  reduced 
from  3,500  pph  to  2,700  pph  maximum  for  the  same  2 minute  duration  period. 


Table  XXVII.  GE16/FLITE-1D  Engine  Weight  Changes  for  the 
Candidate  Lubricants,  129.50%  Engine  Size. 


Lubricant/Hydraulic  Fluid 


Sys  tem 

MIL-L-27502 

500°  F 
Ester 

Poly phenyl 
Ether 

Fuel 

+17.6  lb 

+17.6  lb 

+17.6  lb 

Fluid  Power 

0 

5.8 

6.5 

Lubrication 

0 

-4.6 

-6.7 

+17.6  lb 

+18.6  lb 

+17.4  lb 

Perfluorinated 

Polyether 

+17.6  lb 

38.4 

17.7 

+73.7  lb 
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Figure  52.  GE16/FLITE- ID  Fluid  System  Schematic. 


Table  XXVI.  Fuel  Delivery  System  and  Fluid  Power  System  Weight  Comparison, 
GE16/FLITE-1D  Engine  vs.  GE16/FLITE-1A  Baseline  Engine. 
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(1)  Only  components  having  weight  changes  are  listed 


FUEL  TEMPERATURE 


FUEL  TFKT 
ISZZLE  FUEL  TEKF 
TE>T 


GE16/FLITE-1D  Thcrnal  Profiles,  5(>0"  F Ester,  350'-  F Interfaced  Fuel  Temperature 


The  program  objective  for  the  mission  interceptor  evaluation  was  the  com- 
parison and  ranking  of  the  effects  of  fues.  and  lubricants  selection  on  engine 
performance  and  resulting  interceptor  performance.  A JP-3  fueled  GE16/FLITE- 
1B  engine  and  a JP-7  fueled  GE16/FLITE-1C  engine  were  evaluated  in  Study  1 and 
Study  1,  as  shown  in  Table  XXVIll,  for  the  matrix  of  four  engine  lubricants  at 
an  engine/air  frame  interface  temperature  of  250°  F Because  both  fuels  inves- 
tigated were  limited  to  the  same  interface  temperature,  the  airframe  subsystem 
performance  and  weights  are  identical  for  both  intercepturs . The  resulting 
interceptors  therefore  provide  a direct  measure  of  the  impact  of  engine  perfor- 
mance on  aircraft  size. 


Table  XXVIII.  Mission  A Summary. 

Study 


1 

2 

Engine-GElb/FLlTK- 

IB 

1C 

Fue  1 

JP-5/8 

JP-7 

Lubricant 

Poly phenyl 

500°  F 

ether 

ester 

Engine  Weight  (lb) 
1U0%  uninstalled 

1,195 

3,276 

Eugine/Airframe  Inter- 
face Fuel  Temp.  (°  F) 

250 

250 

Fuel  Loading  Temp. 

Ambient 

Ambient 

Fuel  Density  (lb/ll 
@ loading  Temp. 

51.8 

51.8 

ECS  Type 

Air  Cycle 

Air  Cycle 

ECS  Weight  (lb) 

1,025 

1 ,025 

The  increased  fuel  heat:  sink  available  with  the  JP-7  class  fuel  (Study  2) 
provides  improved  engine  thrust  and  SI-'C  relative  to  the  use  of  JP-3/8  fuel 
(Study  L) . The  net  result  of  the  engine  performance  changes  .is  an  approximate 
1000  lb  reduction  in  aircraft  TOGW. 


The  influence  of  lubricant  selection  on  engine  weight  and  resulting  inter- 
ceptor performance  is  of  second  order  as  compared  to  fuel  effects  with  the 
exception  of  perf luor inated  oolyether.  The  minor  weight  variation  discussed 
in  subsequent  sections  cannot  be  considered  of  enough  significance  to  permit 
specific  .lubricant  selection  recommendations . 

C . 1 Interceptor  Design 


The  converged  mission  interceptor s are  illustrated  in  Figure  55.  These 
configurations  were  sized  for  the  FLITE  mission.  Major  system  characteristics 
are  presented  in  Table  XXIX. 


Table  XXIX.  Mission  A Performance  Characteristics 


Wing  Area,  Includin’  Tips 

Take-off  Gross  Weigh.. 

Fuel  Fraction 

2 GE1£'/F’LITE  Engines 
Thrust  each,  SI,S 
uninstalled 


!•  uel 


Engine/Air frame 
Interface  Fuel  Temperature 

Engine  Lubricant 


Study  1 
1,074  ft2 
’70,000  lb 
0.50 
-IB 

(33,975  lb) 
jrr-5/8 

250°  F 

Polypheny 1 
Ether 


Study  2 
1,066  ft2 
”69 ,000  lb 
0.50 
-1C 

(33,850  lb) 
Jr -7 

250°  F 

500°  F 
Ester 


A decrease  of  v 1,000  lb  in  the  take-off  gr.  ss  weight  for  ttte.  Study  2 
aircraft  reflects  the  improvements  in  engine  performance  obtained  througn  the 
use  of  the  higher  heat  s^nk  capability  available  with  a JP-7  class  thormaj 
stability  fuel.  The.  crew,  avionics,  payload,  and  InLet  sizing  criteria  are 
Identical  for  all  the  Mission  A intercept ors . 

C. . 2 Mission  Performance 

The  GEL6/FLITE-1A  propulsion  system  described  in  Section  III  was  modified 
to  reflect  changes  in  fuels  and  Lubricants  for  Study  1 ■ nd  Study  2. 

The  change  from  MIL-1,-27502  lubricant  lor  the  reference  size  baseline 
engine  to  polypheny1  ether  for  the  Study  1 GF,>  6/FLTTE-1B  engine  results  in  no 
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Pfopultton 


Figure  55.  Mission  A Interceptor 


chc  ige  in  pe;  cormance  chacteristics  and  only  a slight  change  in  engine  weight 
due  to  changes  in  the  lubricant  and  fluid  power  system.  Table  XXX.  Using 
JP-7  fuel  and  500°  F ester  lubricant  in  the  GE16/FLITE-1C , however,  provides 
an  increase  in  thrust  and  engine  weight  and  a slight  reduction  in  specific  fuel 
consumption  when  compared  tc  the  GE16/FL1TE-1B  as  shown  in  Table  XXX.  These 
changes  in  engine  performance  are  achieved  through  utilization  of  the  increased 
JP-7  heat  sink  to  reduce  the  low  pressure  turbine  cooling  air  requirement. 

The  air  induction  systems  are  identical  to  the  baseline  vehicle  discussed 
in  Section  III.  The  airflow  for  each  alternate  engine  remained  unchanged  from 
the  reference  size  baseline  engine,  permitting  the  inlet  to  remain  unchanged 
in  size  and  performance. 

Installed  engine  performance  is  presented  in  Table  XXXI  and  SFC  ratios 
relative  to  the  GE16/FLITE-IB  engine  at  selected  mission  segments.  Although 
the  uninstalled  weight  for  the  -1C  is  greater  than  the  -IB  weight,  the  improved 
SFC's  and  engine  thrust  for  the  CE16/FLITE-1C  engine  reduced  the  interceptor 
TOGW  by  :1,000  lb  and  reduced  the  installed  engine  weight  by  35  lb. 


Table  XXX. 

GE16/FL1TE  Engine  Characteristics. 

GE16/FLITE-1B 

GE16/FL1TE-1C 

F*max  (SLS) 

(lb) 

26,160 

26,800 

SFC  (SLS) 

max 

(lb/hr/lb) 

1.96 

1.95 

Airflow  (SLS) 

(lb/ sec) 

2.77 

2.77 

Weight* 

(lb) 

3,195 

3,276 

Fuel 

jF-5/8 

JP-7 

Fuel  Interface  Temp- 

'°F) 

250 

250 

erature 

Lubricant 

Polyphenyl  Ether  500°  F Ester 

* Includes  nozzle,  engine/nozzle  controls  and  accessories. 

Excludes  airframe  mounted  accessories,  accessory  gear  box  and  starter. 

Table  XXXI.  GE16/FLITE  Installed  Performance  Characterise ics . 


GE16/FLITE-1B 

GE16/FL1TE 

-1C 

Mission  Segment 

F /F 
N NRef 

SFC/ SFC n , 
Ref 

. 

Ret 

SFC /SFC 

SLS 

1.0 

1.0 

1.025 

0.997 

Acceleration 

1.0 

1.0 

1.015 

0.995 

Combat 

1.0 

1.0 

1.016 

0.996 

Cruise 

1.0 

1.0 

1.027 

0.999 
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C.3  Alternate  Lubricants 


The  influence  of  lubricant  selection  on  engine  weight  for  both  the  GE16/ 
FHTE-1B  and  GE16/FL1TE-1C  engines  is  presented  in  Table  XXX IT . These  weights 
were  used  to  select  polyphenyl  ether  and  500°  F ester  as  the  best  lubricants 
for  the  GE16/FLITE-1B  and  GE16/FLITE-1C  engines  respectively.  The  minor  varia- 
tions in  engine  weight  between  MIL-L-27502,  500°  F ester,  and  polyphenvl  ether 
results  from  small  changes  in  both  the  engine  fluid  power  and  lube  system  weights 
to  accommodate  the  variation  in  lubricant  bulk  temperature  capability  and  physi- 
cal properties.  Due  to  perfluorinated  po.lyether's  low  bulk  modulus,  a sizable 
increase  in  fluid  power  system  component  weights  was  incurred.  The  high  vapor: 
pressure  of  perfluorinated  polyether  and  attendant  high  oil  consumption  in  a 
vented  lube  system  also  required  the  use  of  a noil-vented  system  which  caused 
an  additional  weight  increase. 


Table  XXXII.  Engine  Weight  Sensitivity. 
100%  Engine  Size 


SLS  Air  Flow 

■277  pps 

500°  F 

Polyphenyl 

Perfluorinated 

MIL-L-27502 

Ester 

Ether 

Polyothor 

GE16/FL1TE-1B 

3,200 

3,195 

3 , 194 

3,232 

GE16/FL1TF-1C 

3,281 

3,276 

3,281 

3,337 

These  "best"  engine/ lubricant  combinations  were  then  performed  and  the 
impact  of  alternate  lubricants  on  TOGW'  determined  as  sensitivities  to  the  per- 
formed aircraft.  The  variations  in  aircraft  TOGW  to  account  for  Lhe  changes  in 
engine  weight  arising  from  tlu*  use  of  alternate  lubricants  arc  presented  in 
Taolu  XXX1I1.  Although  polyplienyl  ethe-  and  500°  F ester  provide  the  lightest 
Study  1 and  Study  2 interceptors,  respectively,  use  of  the  alternate  lubricants 
with  the  exception  of  perfluorinated  polyether  imposes  only  minor  weight  penal  tic 
(less  than  50  lb). 


Table  XXXI'I.  Impact  of  Lubricant  Selection  on  Interceptor  Site. 


O 

O 

o 

m 

Polyplienyl 

Perfluorinated 

MiL-L-27502 

Ester 

Ether 

Pc lyether 

ATOGW  Study 

i (lb)  0 

-50 

-50 

+320 

(GE16/FLITE- 

IB  Engine.) 

ATOGW  Study 

1 ub)  0 

-50 

0 

+450 

GF16/FLITE-1C  Engine) 

ETOGW  - TOGW  MIL_L_275Q2  - TOGW 


C. 4 Thermodynamic  Characteristics 


Both  Studies  1 and  2 were  based  on  maximum  interface  temperature  of  250°  F 
with  the  differences  in  available  fuel  heat  sink  reflected  in  engine  performance. 
An  analysis  using  the  airframe  heat  loads  summarized  in  Table  II  and  engine 
fuel  flow  rates  typical  of  each  mission  phase,  results  in  the  fuel  temperature 
profiles  presented  in  Figure  53.  Based  on  an  initial  fuel  temperature  of  100°  F» 
engine  fuel  demands  are  sufficient  to  maintain  the  engine/airframe  fuel  inter- 
face below  250°  F except  during  the  descent  phase  of  the  mission.  During  the 
initial  stages  of  descent,  sufficient  fuel  is  pumped  from  the  feed  tank  to  absorb 
the  airframe  heat  loads  without  exceeding  250°  F with  the  excess  fuel  recirculated 
to  the  feed  tank.  The  combined  effects  of  heat  transfer  to  the  fuel  due  to 
recirculation  and  aerodynamic  heating  results  in  a bulk  fuel  temperature  rise  of 
only  35°  F. 

C .5  Supplemental  Studies 

The  primary  intent  of  the  mission  evaluation  was  to  determine  the  perfor- 
mance differences  resulting  from  the  use  of  JP-5  (Study  1)  and  JP-7  (Study  2) 
with  the  matrix  of  four  engine  lubricants.  This  evaluation  was  performed  with 
an  engine  airframe  fuel  interface  temperature  of  250°  F for  both  the  JP-5  and 
JP-7  fueled  configurations.  As  the  interface  temperature  is  the  same  for  both 
fuels,  the  increased  heat  sink  capacity  of  JP-7  was  used  to  improve  engine  per- 
formance without  regard  to  airframe  system  design.  Use  of  JP-7's  higher  heat 
sink  to  improve  engine  performance  provided  an  approximate  1,000  lb  reduction  to 
TOGW  relative  to  Study  1. 

A supplemental  study  was  performed  to  determine  if  a higher  allowable 
interface  temperature  would  enable  simplification  and/or  weight  reduction  of 
airframe  systems.  To  take  advantage  of  the  increased  fuel  heat  sink  capacity 
of  JP-7,  the  Mission  A interceptor  ECS  was  modified  to  use  only  fuel  as  a heat 
sink  thereby  eliminating  the  need  for  ram  air.  Figure  52  shows  that  by  proper 
fuel  management  (recirculation)  fuel  can  be  delivered  to  the  engines  at  or 
below  350°  F without  ar.  excessive  increase  in  stored  fuel  temperatures.  Further 
increases  in  interface  temperature  co  a value  higher  than  350°  F offered  no 
significant  advantage. 

An  ECS  weight  reduction  of  240  lb  was  achieved  by  (1)  replacement  of  air- 
to-air  heat  exchangers  with  liquid-to-air  heat  exchangers;  and  (2)  elimination 
of  the  ram  ir  ducting  system.  A slight  increase  of  15  lb  in  fuel  system  weight 
'.•as  incurred  due  to  an  increase  in  fuel  line  length  to  accommodate  addition  of 
the  primary  fuel-to-air  heat  exchanger.  Because  of  the  higher  engine  fuel 
temperatures  attendent  with  a 350°  F fuel  interface  temperature,  modifications 
to  the  GE16/FLITE-1A  engine  resulted  in  a 22  lb  weight  increase  for  each  100% 
engine.  Elimination  of  the  requirement  tor  ECS  ram  air  cooling  resulted  in  a 
decrease  of  1%  reduction  in  inlet  capture  area  and  deletion  of  the  ECS  drag 
increment  from  the  total  air  induction  system  drag. 
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1'he  net  result  of  these  changes  is  a decrease  of  1,200  lb  in  TOGW  relative 
to  the  Study  1 interceptor.  Since  this  weight  reduction  exceeds  that  achieved 
l.y  using  the  higher  heat  sink  of  JP-7  to  improve  engine  performance,  this  con- 
cept provides  a more  attractive  interceptor. 

An  additional  evaluation  was  performed  to  assess  the  potential  benefits 
of  using  precooled  fuel  (0°  F) , liquid-cooled  avionics,  recirculation  of 
cockpit  air,  and  a direct  sink  KCS.  Using  interceptor  sensitivities  to  account 
lor  changes  in  KCS  weight  engine  bleed  air,  and  increased  fuoL  density,  a 
reduction  of  9,500  lb  would  be  expected.  A breakdown  of  these  effects  relative 
to  study  2 is  present  ed  in  Table  XXXIV . 


Table  XXXIV.  Mission  A Precuoled  Fuel  Weight  Summary. 


ATOGW  (lb) 

A ECS  Wt  - -63 S lb 

-2,540 

AFuel  Density  **  +1.2  lb/ft"' 

-500 

ATOGW  due  to  elimination  of  Ram 
Air 

-325 

AEngiue  Bleed  Air  ■*  97  ppm 

-1,135 

Total  ATOGW 

-4,500 

This  aualysis  is  based  on  first  order  effects  and  represents  an  approxi- 
mate weight  reduction  which  can  be  obtained  by  using  precooled  fuel. 
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SECTION  V 
MISSION  B RESULTS 


A . Utilization  of  Fuel  Heat  Sink 
Ilea t Exchanger  Designs 

Studies  were  made  to  determine  the  potential  use  of  excess,  fuel  heat  sink 
for  cooling  combustor  and  exhaust  system  components  In  the  C.F14/FL  TE-2A  engine. 
1'liis  excess  fuel  heat  sink  was  considered  to  be  the  difference  between  the 
maximum  permissible  fuel  temperature,  as  listed  in  Table  XXXV,  and  the  fuel 
temperature  at  the  exit  of  the  main  engine  control. 

Table  XXXV.  Mission  B Maximum  Fuel  Temperatures. 

T °~F 

Mission  Fuel  fuel  max  Comments 


B .1  P-4/5/8  475  Several  Missions/Oleanab.le 

JP-7  700  Several  Missions/Cleanable 

■IP- 7 1000  Research  Level 


From  a screening  of  engine  operating  points  along  the  flight  paLh,  it  was 
established  that  the.  limiting  Mission  B fuel  heat  sink  occurs  at  supersonic 
cruise  where  the  fuel  flow  rates  are  reduced  and  where  the  fuel  delivery  temp- 
erature is  highest.  The  fuel  tempura  Lure  rise  usable  as  a heat  sink  for  cooling; 
combust'  .■  and  exhaust  system  eomoonents  is  shown  in  Table  XXXVI. 


Table  XXXVI 

. Mission 

B Available  Fuel 

Ifeat  Sink. 

TFuuL  Interface  Sl-X  in 

T 

Allow. 

AT,  .. 
Avail . 

St  udv 

Fuel 

(°  F) 

(°  F)^1 2) 

(°  F) 

Base 

.IP- 5 

200 

250 

375 

1.  5 

1 

■1P-4/5/H 

150 

200 

375 

1/5 

> 

■JP  -5/R 

250 

300 

375 

175 

3 

.11’— 5/ K 

350 

A 10 

375 

175 

4 

.IP-7 

250 

300 

600/1000 

300/700 

5 

JF-7 

350 

400 

600/1000 

200/600 

f 

j (1)  - The  listed  allowable  tuel  temperatures  are  based  on  a luei/wall 

; temperature  criteria  and  the  assumption  that  an  approximate 

00-150°  F ,T  exists  between  the  fuel  and  its  wail  temperature. 

Two  candidate  concepts  were  investigated  for  the  utilization  of  the  fuel 
heat  sink  in  the  Mission  B studies.  These  were  the  following: 

1.  Direct  fuel  cooling  of  the  exhaust  nozzle  plug. 

2.  Ram  burner  liner  cooling,  air  cooling. 
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The  above  two  concepts  represent  typical  application  of  fuel  heat  sink  utili- 
zation in  engine  applications  and  were  selected  to  realize  benefits  from  engine 
design  and/or  cycle  efficiency  considerations.  Specifically,  direct  fuel  cooling 
of  the  nozzle  plug  was  selected  as  the  solution  to  solve  the  complex  design  problem 
in  the  baseline  engine  of  how  to  practically  utili"e  excess  fuel  heat  sink. 

Cooling  of  the  nozzle  plug  in  the  baseline  engine  is  accomplished  by  the  use  of 
compressor  discharge  air.  At  operating  points  on  the  flight  map  where  the  core 
engine  is  shutdown,  cooling  of  the  aft  region  of  the  air-cooled  plug  requires  the 
use  of  ram  air.  The  use  of  both  compressor  air  and  ram  air  for  plug  cooling 
therefore  requires  the  use  of  a dual  cooling  system.  This  presents  considerable 
difficulties,  both  from  mechanical  and  thermal  design  considerations.  The 
consideration  of  the  use  of  fuel  to  cool  the  plug  not  only  contributes  to  some 
improvement  in  cycle  efficiency,  but  also  offers  a reasonable  solution  co  an 
otherwise  difficult  design  problem. 

Fuel  cooling  of  the  ram  liner  cooling  air  was  selected  upon  evaluation  of 
the  maximum  cycle  benefits  that  can  potentially  be  realized  from  this  application. 

The  results  of  these  investigations  established  the  feasibility  of  direct 
fuel  cooling  of  the  aft  region  of  the  e haust  nozzle  without  exceeding  presently 
established  temperature  limits  for  JP-7  applications.  Cooling  of  the’ ram  burner 
cooling  air  resulted  in  an  average  coolant  temperature  reduction  of  425°  F with 
a corresponding  reduction  of  50%  in  coolant  flow  rate  at  the  engine  sizing  point. 

These  two  cooling  concepts  were  considered  for  use  with  each  of  the  four 
studies  of  Mission  B.  Comparison  with  the  GF.14  thermal  model  results  for 
Mission  B/Studv  1 (JP-4/5/8  @ 150°  F)  and  for  Mission  B/Studv  2 (JP-5/8  @ 250°  F) 
indicate  that  both  of  these  engine  systems  have  only  marginal  heat  sink  capacity 
to  justify  the  inclusion  of  either  the  exhaust  nozzle  or  the  ram  burner  liner 
cooling  air  heat  exchanger  concept.  Furthermore,  during  ramjet  idle-descent , 
the  fuel  temperatures  at  the  combustor  nozzles  are  in  the  range  cf  400°  F to 
450°  F even  with  fuel  recirculation.  The  additional  heat  load  imposed  by  the 
ram  burner  or  exhaust  nozzle  concepts  would  force  the  fuel  recirculation  fuel 
flow  rates  to  rise  to  unacceptable  levels.  Therefore,  the  use  of  the  two  heat, 
exchanger  systems  was  considered  feasible  only  for  the  Mission  B studies  utilizing 
JF- 7 fuel.  Mission  B/Stucy  3,  JP-7  fuel  at  250°  F maximum  engine  inlet  fuel 
temperature,  was  considered  as  the  desigr  reference  condition  for  the  heat  ex- 
changer concepts.  The  extension  of  the  results  to  Mission  R/Study  4 (JP-7  0 350°  F) 
was  a straight  forward  process. 

System  1 - (Exhaust  Nozzle  Plug  Heat  Exchanger) 

The  f’  el  heat  exchanger  for  the  divergent  portion  of  the  core  exhaust  nozzle 
plug  and  the  heat  exchanger  design  is  shown  in  Figure  56.  This  design  incorporates 
the  basic  features  of  the  X-370  Ramburner/Af terburner  fuel  heat  exchanger  that 
was  successfully  demonstrated  in  a one-half  scale  model  test.  (Reference  17). 

The  heat  exchanger  consists  of  a conical  plug  with  a 0.022-inch  nominal  skin 
thickness  wrapped  with  0.375-inch  diameter  lubes  having  a 0.010-inch  wall 
thickness.  These  tubes  are  helically  wound  around  the  plug  and  serve  as  the 
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fuel  heat  exchanger  and  the  means  by  which  the  plug  structure  is  cooled.  There 
are  eight  tubes  in  parallel  that  are  connected  through  the  plug  at  each  end  to 
four  0.50-inch  supply  tubes  and  four  0.50-inch  return  tubes.  Four  of  the 
16  turbine  frame  struts  are  used  for  the  four  fuel  supply  tubes  and  four  other 
struts  are  used  for  the  four  fuel  return  tubes.  Heat  shields  are  applied  to  the 
hot-gas  side  of  the  heat  exchanger  to  control  the  heat  transferred  to  the  fuel. 

The  heat  exchanger  tubes  are  brazed  to  each  other  and  the  heat  shields  are 
brazed  to  the  tubes  with  the  ends  of  each  shield  held  between  the  plug  flanges. 
The  tubes  are  not  brazed  to  the  plug  structural  skin  and  a radial  gap  of 
0.030-0.060  inch  between  the  skin  and  tubes  allows  for  differential  growth 
between  them.  The  plug  is  vented  with  compressor  second  stage  air  that 
pressurizes  the  plug  to  keep  it  in  hoop  tension. 

The  material  selected  for  this  design  was  Rene  41C  to  provide  the  lightest 
weight  design.  The  associated  weight  increment  to  the  baseline  engine  config- 
uration is  summarized  in  Table  XXXVII. 


Table  XXXVII.  Exhaust  Nozzle  Plug 
100%  Engine  Size. 

Component 

Fuel  Supply  Tubes 
Cooling  tubes 
Jumper  Tubes 
Fuel  Return  Tubes 
Fittings 

Clamps  & Brackets 
Nuts  & Bolts 

Total 


Heat  Exchanger  Weight  Summary, 


Weight 

0.8  lb 
21.7 
0.2 
1.3 
0.7 
0.8 
0.4 

25.9  lb 


Fuel  side  pressure  drop  and  heat  transfer  coefficients  are  a function  of 
the  fuel  flow  rate  gas  unit  flow  area.  Hence,  fuel  tube  diameters  and  the 
number  of  fuel  tubes  required  were  determined  by  the  allowable  pressure  drop 
and  fuel  tube  surface  temperature.  The  present  design  considers  the  use  of 
JP-7  fuel  and  is  based  on  a maximum  allowable  surface  temperature  of  700°  F. 

The  exhaust  nozzle  plug  heat  exchanger  design  operating  point  was  selected 
to  correspond  to  the  maximum  heat  load  conditions  encountered  in  the  flight  map. 
Some  of  the  pertinent  cycle  data  are  tabulated  in  Table  XXXVIII. 
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Table  XXXVIII.  Exhaust  Nozzle  Plug  Heat  Exchanger  Design  Point  Cycle 
Operating  Conditions. 


4,199 

4,170 

115.9 

89.8 

41,000 

40,500 


The  plug  surface  pressure  distribution  and  calculated  heat  transfer 
coefficients  and  heat  fluxes  based  on  the  above  distribution  are  shown  in  Figure 
57.  The  heat  transfer  coefficients  were  calculated  using  Eckert's  reference 
enthalpy  method  (Reference  18)  and  are  based  cn  turbulent  flat  plate  correlations. 
The  heat  fluxes  shown  include  gas  radiation  which  was  estimated  at  about  10% 
of  the  total  heat  flux.  The  basic  operating  characteristics  of  the  heat 
exchanger  are  shown  in  Table  XXXIX. 

The  original  design  concept  envisaged  the  use  of  the  core  engine  fuel  to 
cool  the  region  of  the  plug  up  to  the  nozzle  throat  and  the  ram  burner  fuel 
aft  of  the  nozzle  throat.  From  heat  sink  availability  considerations,  this 
concept  was  established  to  be  feasible,  resulting  in  130°  F and  170°  F temper- 
ature rise  for  the  core  engine  and  ram  burner  fuels,  respectively,  at  the  design 
point.  This  concept,  however,  resulted  in  difficulty  in  the  cooling  of  the 
aft  region  of  the  plug  at  operating  points  where  the  ram  burner  is  shutdown. 

Table  XXXIX.  Fuel  Cooled  Nozzle  Plug  Heat  Exchanger 
Operating  Characteristics 

100%  Engine 


Tube  Diameter  (in)  0.375 

No.  of  Tubes  8 

Tube  Length  (ft)  7.0 

Max.  Surface  Temperatures 

Brase  Filled  External  Tube  Design  (°  F)  652 

Braze  Internal  Tube  Design  610  ^ 

Max.  Heat  Flux  (Btu/hr  ft2  °F)  7.1  x 10 

Gas  Side  Heat  Transfer  Coefficient 
(Btu/hr  ft2  °F)  230 

Fuel  Side  Heat  Transfer  Coefficient 

(Btu/hr  ft2  °F)  2,200 

Total  Heat  Load  (Btu/hr)  4.80  x 10 

Fuel  Flow  Rate  (pph)  4.05  x 10 

Fuel  Exit  Temperature  (°  F)  470 

Pressure  Drop  (psia)  32.5 

Fuel  Residence  Time  (sec)  0.15 
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As  a result,  the  final  design  concept  that  evolved  considered  air  cooling 
of  the  forvard  region,  and  fuel  cooling  of  the  aft  region  of  the  plug.  Core 
engine  fuel  is  used  in  the  exchanger  at  operating  points  where  the  ram  burner 
is  shut  down.  The  heat  exchanger  tube  sizing,  however,  was  established  on  the 
basis  of  the  original  design  concept  and  was  based  on  the  maximum  heat  flux 
occurring  ahead  of  the  nozzle  throat.  Thus  it  may  be  noted  that  the  surface 
temperature  achieved  in  the  final  design  is  well  below  the  design  limit  of 
700°  F. 

A transient  temperature  distribution  for  a typical  tube  in  the  region  ahead 
of  the  throat  is  shown  in  Figure  58  for  the  tube  design  concept.  This  is 
based  on  a step  change  in  gas  temperature  from  300°  F lo  3700°  F and  corresponds 
to  a severe  representation  of  an  engine  accel.  These  results  were  used  to 
evaluate  the  mechanical  integrity  of  the  design.  The  corresponding  steady- 
state  temperature  distribution  is  shown  in  Figure  59. 

System  2 - (Ram  Burner  Liner  Cooling  Air  Heat  Exchanger) 

In  this  heat  exchanger  design  concept,  the  ram  burner  liner  cooling  air  is 
cooled  by  use  of  two  heat  exchangers,  one  for  the  inner  liner  cooling  air  and 
the  other  for  the  outer  liner  cooling  air.  The  design  fuel  surface  temper- 
ature limit  used  in  this  configuration  was  set  at  1000°  F.  The  air  side 
design  pressure  drops  were  set  at  2%  for  the  outer  liner  and  3.5%  for  the  inner 
liner.  The  lower  pressure  drop  set  for  thrt  outer  liner  was  designed  to  allow 
for  the  pressure  drop  in  the  struts  located  upstream  of  the  outer  liner  heat 
exchanger.  In  order  to  preclude  an  increase  in  the  engine  outer  shell  diameter, 
the  heat  exchanger  radial  height  was  limited  to  one  inch.  A detailed  des- 
cription of  the  ram  burner  inner  and  outer  cooling  air  heat  exchanger  is  shown 
in  Figure  60.  The  engine  operating  points  used  for  the  heat  exchanger  sizing 
were  engine  accel  to  satisfy  the  air  side  design  pressure  drop  and  the  cruise 
operating  conditions  to  satisfy  the  maximum  fuel  temperature  limit.  Pertinent 
engine  operating  conditions  for  these  two  points  are  shown  in  Table  XL. 

Table  XL.  Ramburner  Liner  Cooling  Air  Heat  Exchangers 
Design  Point  Engine  Operating  Conditions. 

100%  Engine 


Operating  Condition 

Accel 

Cruise 

Ramburner  Airflow,  W25  (pps) 

96.46 

105.44 

Ramliner  Cooling  Airflow  (pps) 

14.95 

16.44 

Total  Fuel  Flow  Rate  (pph) 

22,450 

10,426 

’’-•at  Exchanger  Inlet  Pressure,  P25  (psia) 

51.99 

51.68 

Heat  Exchanger  Inlet  Air  Temperature,  T25  (°  F) 

1,932 

1,932 

The  ram  main  burner  fuel  flow  is  the  coolant  source  for  these  heat 
exchangers.  The  ram  burner  cooling  air  flow  rate  is  15.5%  of  W25.  Both  the 
fuel  and  the  air  flow  rates  are  divided  between  the  inner  liner  and  outer  liner 
exchangers  in  proportion  to  their  respective  frontal  areas.  The  ID  for  the 


125 


lime.  ''K ond'. 


. • limn 

s Q 


n ? 


ii  h a i.o  i ? t..i 

Tune.  Sftiuitls 


1.6 


No/ ’I*1  Plug  Mewl  Txcliinqe<  lulje  ('oniiijui jinn's 


<* 


t 


Idi  Bfj/til  hill’d  <o>dk|iit dlian 
U(ern«:l  TiiIh-s 


i|ii  |;»j-vd  lnl»vi,d  Julies 


5K,  Exhaust  Nozzle  PIur  ExebanRoi 

Tube  Temporal uros  for  .Step  Change 
in  Gats  Temperature. 


0.032-in.  Liner 


128 


’i  Ruro 


inner  liner  heat  exchanger  is  33.4  inches  and  the  ID  for  the  outer  liner  heat 
exchanger  is  47.6  inches.  Correspondingly,  the  air  flow  rates  used  are  6.4% 

W25  and  51%  W25  for  inner  and  outer  liner  heat  exchangers,  respectively.  The 
corresponding  fuel  flow  rates  are  58.7%  and  41.3%  of  the  ram  main  burner  fuel 
flow.  The  design  fuel  inlet  temperatures  and  pressures  used  were  300°  F and 
500  psia  respectively.  Since  JP-7  fuel  property  data  at  temperatures  above 
critical  are  presently  unavailable,  the  property  data  used  in  this  evaluation 
were  based  on  elevated  property  data  for  JP-5  fuel  as  noted  in  Section  III. 

The  configuration  selected  was  an  annular,  bare  tube  cross  flow  four-pass 
heat  exchanger,  with  the  fuel  flow  inside  the  tubes  and  the  air  flow  normal  to 
the  tubes.  This  configuration  is  similar  to  the  design  used  in  the  Mission  A 
studies.  Multiple  passes  are  used  in  order  to  increase  the  fuel  side  heat 
transfer  coefficients  by  increasing  the  fuel  velocity  and  thus  minimize  the 
fuel  tube  surface  temperatures.  This  is  accomplished  by  use  of  baffles  in  the 
heat  exchanger  fuel  manifolds  as  illustrated  in  Figures  60  and  61. 

The  heat  exchangers  required  to  meet  the  specified  operating  conditions 
consist  of  tube  arrays  of  0.187-inch  OD  and  0.007-inch  wall  thickness.  The 
heat  exchangers  are  located  in  the  ram  duct  immediately  upstream  of  the  main 
burner,  with  the  inner  and  outer  liner  heat  exchangers  located  in  annular 
passages  at  the  10  and  OD  of  the  ram  duct  respectively.  The  tubes  are  arranged 
circumferentially  in  2 x 24  and  2 x 40  arrays  for  the  respective  outer  and  inner 
liner  heat  exchangers.  The  corresponding  number  of  tubes  per  pass  are  2x6  for 
the  inner  liner  and  2 x 10  for  the  outer  liner.  The  fuel  is  admitted  into  the 
tubes  through  an  inlet  manifold  where  the  flow  is  split  with  one  half  of  the 
fuel  flowing  circumferentially  clockwise  and  the  other  half  counterclockwise 
for  an  angular  distance  of  180°  into  the  opposite  or  return  manifold.  This 
comprises  one  pass.  The  fuel  is  then  returned,  completing  the  second  pass. 

This  is  repeated  until  the  four  passes  are  completed,  at  which  point  the  fuel  is 
discharged  at  the  downstream  end  of  the  inlet  manifold.  Radial  supports 
located  20  tube  diameters  (3.75  inches)  apart  are  provided  to  minimize  tube 
bending  stresses  and  to  assure  that  tube  natural  frequencies  are  above  engine 
and  vortex  shedding  excitation  frequencies.  The  heat  exchanger  material  is  a 
high  strength  stainless  steel  alloy.  The  total  estimated  weight  for  the  heat 
exchangers  are  37.1  lb,  of  which  2.12  lb  represents  tubing  weight  with  the 
balance  being  the  weight  of  the  manifolds  and  support  structure.  A detailed 
tabulation  of  heat  exchanger  configuration  parameters  is  given  in  Table  XLI. 

The  heat  exchanger  performance  parameters  for  the  inner  and  outer 
liner  heat  exchangers  are  summarized  in  Table  XLI I.  It  may  be  observed  that 
the  coolant  temperature  reductions  obtained  for  the  inner  liner  heat  exchangers 
are  511°  F and  382°  F at  accel  and  cruise  operating  conditions,  respectively. 

The  corresponding  temperature  redactions  obtained  for  the  outer  liner  heat 
exchanger  ave  366°  F and  297°  F.  Tne  reason  for  this  difference  is  the  lower 
air  side  pressure  drop  limit  set  for  the  outer  liner  heat  exchanger.  Thus,  the 
average  coolant  temperature  reduction  is  420°  F at  the  accel  operating  condition 
and  332°  F at  cruise.  It  may  be  further  noted  that  the  maximum  fuel  temperature 
obtained  is  940°  F and  tho  maximum  surface  temperature  is  970°  F.  Both  of  these 
values  correspond  to  the  inner  liner  heat  exchanger  and  occur  at  the  cruise 
operating  condition. 
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Table  XLl.  Ramburner  Liner  Cooling  Air  Heat 

100%  Engine 

Exchangers  Design 

Summary . 

Tube  OD  (in) 

Inner  Liner 
0.187 

Outer  Liner 
0.107 

Tube  Wall  Thickness  (in) 

0.007 

0.007 

Transverse  Spacing  (in) 

0.488 

0.496 

Axial  Spacing  (in) 

0.235 

0.235 

Axial  Length  (in) 

12.03 

6.39 

Number  of  Axial  Tube  Rows 

48 

24 

Number  of  Transverse  Tube  Rows 

2 

2 

Number  of  Headers 

2 

2 

Number  of  Fuel  Passes 

4 

4 

Annular  Duct  ID  (in) 

33.40 

47.60 

Annular  Duct  OD  (in) 

35.35 

49.58 

0 

External  Heat  Transfer  Area  (ft~) 

42.40 

29.97 

3 

Heat  Exchanger  Volume  (in  ) 

1,268.0 

967.7 

Tubing  Weight  (lb) 

12.40 

8.80 

Header  Weight  (11>) 

6.40 

3.00 

Radial  Support  Weight  (lb) 

3.50 

3.00 

Total  Weight  (lb) 

22.30 

14.80 
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Table  XLII.  Ramburner  Liner  Cooling  Air  Hear.  Exchangers  Performance  Sumiuai  y . 


Hear  Exchanger 

lnr. 

er  Liner 

Outer  Liner 

Operating  Point 

Accel 

End  of  Cruise 

Accel 

End  of  Cruise 

Fuel  Flow  Rate  (pph) 

9,288 

4,320 

13,176 

6120 

Air  Flow  Rate  (pps) 

6.16 

6.75 

8.77 

9.33 

Inlet  Fuel  Temperature  (°  F) 

300 

300 

300 

300 

Inlet  Air  Temperature  (°  F) 

1.472 

1.472 

1,472 

1,472 

Inlet  Fuel  Pressure  (psia) 

500 

500 

500 

500 

Inlet  Air  Pressure  (psia) 

51.99 

51.68 

51.99 

51.68 

AT  Fuel  ,J  F) 

415.6 

639.7 

327.2 

521.7 

AT  Ail  C F) 

510.8 

382.0 

366.4 

296.6 

AP/P  Air  (%) 

2.70 

3.50 

1.67 

1.98 

AP  Fuel  (psia) 

2.96 

1.02 

26.50 

7.05 

Exit  Mach  No. 

0.077 

0.089 

0.0785 

0.0862 

Effectiveness 

0.436 

0.546 

0.31  3 

0.445 

Max.  Fuel  Temperature  (°  F) 

71.5 

940 

62 

822 

Max.  Surface  Temperature  (” 

F)  7 54 

9 70 

665 

857 

Fuel  Residence  Time  (sec) 

2.0 

3.1 

1.1 

2.0 

Mission  B Engine  Performance 


The  GE14/FLTTE-2A  engine  was  resized  for  a series-'  of  candidate  engines 
for  evaluating  fuel  type,  fuel  temperature,  and  ctoling  concepts  in  five  Mission 
B studies.  The  engines  that  were  resized  are  shown  in  Table  XI, III  and  show  that 
the  engines  used  in  Studies  3 and  4 were  done  in  step:;  to  permit  fuel  type,  fuel 
temperature,  and  cooling  concept  to  be  evaluated  as  individual  deltas. 

The  GE1 4/FLITE-2A  engine  performance  calculated  for  the  five  Mission  B 
studies  represents  the  maximum  obtainable  from  an  increase  in  engine  inlet  fuel 
temperature  in  that  it  assumes  the  indicated  interface  fuel  temperatures  are 
applicable  during  the  entire  mission.  From  this  performance  the  following 
points  were  noted: 

a)  increasing  the  energy  level  of  the  system,  through  the  fuel  heating 
value  or  enthalpy,  provides  improved  levels  of  engine  performance . 

b)  Fuel-cooled  turbojet  plug  nozzle  provides  improved  engine  performance 
only  during  turbojet  operation. 

c)  Relatively  small  effects  on  engine  performance  are  shown  by  fuel 
type,  fuel  temperature,  and  cooling  concepts 

B . Thermal  Analysis 

B . i Study  1 

Figure  62  shows  the  fluid  system  schematic  for  Mission  li/Study  1.  This 
study  specified  the  use  of  JP-4/5/8  class  of  fuels  at  a maximum  airer aft/eugiue 
interface  fuel  temperature  oi  LUO"  F with  each  ol  the  candidate  lubricant/ 
hydraulic  tiuids. 

The  design  of  the  0E14/FLI TE-2B  fuel  delivery  system  remained  the  same  as 
that  defined  lor  the  baseline  GE1.4/FLITK-2A  engine.  Furthermore,  restricting 
the  maximum  inlet  fuel  temperature  to  lbO"  K would  permit  the  use  of  .IP-4  luel 
with  little  system  penalty.  As  previously  noted  for  the  baseline,  the  (’.F.14/ 
FI.ITK-2B  fuel  delivery  system  I neorporat es  tin-  following  features: 

o Fuel  recirculation  to  the  aircral t main  feed  Lank  during  ramjet 
idle  descent. 

o Recirculating  temperature  dependent  manifold  cooling  flows  for 

tin*  core,  preburner  and  main  burner  fuel  lines  when  the  respective 
burners  are  nut  in  operation. 

o Main  engine  control  servo  leakage  being  supplied  directly  from  the 
pumps,  bypassing  the  fuel/oil  and  fuel/hydraulic  heat  exchangers. 


133 


Table  XLIIT.  Mission  B Engine  Candidates. 


Study 

Fuel  Type 

Fuel  Temp.,°F 

Cooling 

Comments 

Baseline 

JP-5 

59 

Base 

1 

JP-5 

150 

Basel ine 

Delta  effect  in  fuel  enthalpy 

2 

JP-5 

250 

Baseline 

Additional  delta  effect  in 
fuel,  enthalpy. 

3 

JP-7 

59 

11  lseline 

Delta  effect  in  fuel  heating 
va 1 uo . 

250 

Baseline 

Delta  effect  in  fuel  heating 
value  and  enthalpy. 

Barnburner 
liner  cooler 

Delta  effect  in  fuel  heating 
value  and  enthalpy  plus  reduced 
i amburner  liner  cooling  air 

Plug  nozzle 

Delta  effect  in  fuel  heating 
value  and  enthalpy  plus  reduced 
turbojet  nozzle  cooling  air 

4 

JP-7 

35 

Base  1 Ine 
Rainbut  tier 

Delta  effect  in  fuel  heating 
Delta  effect  In  fuel  heating 

liner  cooler 

value  and  enthalpy  plug  reduced 
r amburner  liner  cooling  air 

5 

JP-7 

100 

Kami)  u me r 
liner  cooler 

Delta  effect  Ln  fuel  heating 
value  and  enthalpy  plus  reduced 

rainburner  liner  cooling  air 
(precooled  fuel). 


Fu*  1/01  1 


The  definition  of  the  GE14/FLITE-2B  fluid  power  system  remained  the  same 
as  that  defined  for  the  baseline.  A summary  of  the  fuel  and  fluid  power  system 
weights  for  each  of  the  four  candidate  lubricants  is  listed  in  Table  XLIV. 

In  the  GE14/FLITE-2B,  engine  volumetric  oil  flow  was  allowed  to  remain  the 
same  for  each  lubricant.  System  optimization  with  the  higher  temperature 
lubricants  was  accomplished  by  the  removal  of  heat  shields  and  insulation  and 
by  scaling  of  the  sump  cooling  air  fuel/air  cooler  that  is  located  in  the  ram 
preburner  fuel  line  downstream  of  the  main  engine  control.  The  cooler  require- 
ments for  each  of  the  four  lubricants  is  listed  in  Table  XLV.  No  cooling  of 
the  sump  air  is  required  for  either  the  polyphenyl  ether  or  the  perfluorinated 
polyether  lubricants  nor  is  there  sump  air  cooling  required  for  any  of  the 
lubricants  during  either  idle-descent . The  elevated  oxidative  stability 
temperature  of  the  perfluorinated  polyether  permitted  the  removal  of  heat 
shields  in  both  the  forward  and  aft  sumps.  However , the  high  vapor  pressure 
of  this  fluid  also  required  the  use  of  nonvented  sumps.  In  these  sump  designs, 
carbon  seals  are  used  as  oil  seals  and  new  labyrinth  air  se^ls  are  added  with 
the  Intermediate  cavities  overboard  to  ambient  pressure. 

Lubrication  system  weight  changes  for  the  four  lubricants  is  presented  in 
Table  XLVI.  A summary  of  the  total  engine  weight  increments  due  to  the  use  of 
these  fluids  is  given  in  Table  XL VII. 

Using  the  GE14  thermal  model.  Mission  B was  executed  for  each  of  the  can- 
didate lubricants  for  JP-5  fuel  at  a maximum  inlet  temperature  of  150°  F.  The 
thermal  profiles  for  each  lubricant  are  shown  in  Figures  63  to  66. 

The  critical  phase  for  heat  sink  utilization  is  during  the  ramjet  idle- 
descent  portion  of  the  mission.  During  this  phase,  fuel  recirculation  to  the 
aircraft  main  feed  tank  is  necessary  to  provide  enough  fuel  to  maintain  system 
fluid  temperatures  within  maximui  permissible  limits.  A summary  of  system 
performance  for  each  lubricant  during  ramjet  idle-descent  is  shown  in  Tables 
XLVIII  to  LI.  As  can  be  noted  from  these  tables  maximum  recirculation  fuel 
flow  rates  vary  from  9,276  pph  for  MIL-L-27502  to  7,759  pph  for  perfluorinated 
polyether  with  an  associated  fuel  weight  increment  range  of  from  388  lb  to  324  lb, 
respectively.  It  can  be  further  noted  that  the  fuel  temperature  exceeds  325°  7 
in  the  ram  main  burner  and  preburner  lines  when  these  burners  are  in  operation 
during  ramjet  idle-descent.  These  overtemperature  conditions  arc  of  short 
duration  and  are  deemed  tolerable  for  the  JP-5  fuel,  but  it  should  be  noted  that 
a maximum  fuel  temperature  of  325°  F can  no  longer  be  guaranteed  over  the 
entire  mission  for  a Mach  4+  interceptor. 

B.2  Study  2 

Mission  B/Study  2 involves  the  use  of  the  four  lubricant/hydraulic  fluids 
with  JP5/8  fuel  at  a maximum  inlet  temperature  of  250°  F. 

A schematic  of  the  GE14/FLITE-2C  fluid  system  is  shown  in  Figure  67.  The 
functions  of  the  fuel  delivery,  lubrication  and  fluid  power  systems  are 
similar  to  those  described  for  Mission  B/Study  1.  System  weight  changes  remain 
the  same  as  defined  for  Study  1 and  are  itemized  in  Table  LII. 
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Table  XLIV.  GE14/FLITE-2B  Fuel  and  Fluid  Power  System  Weight 
Increments  for  the  Candidate  Hydraulic  Fluids. 

201.5%  Engine 


Fuel  System  Fluid  Power  System 

(AWt-lb)  (AWt-lb) 


Base  FL1TE-2C 

Base 

GE14/FLITE-2C 

Fuel  and  FPS  TP-5  at  JP-5  at 
Components  (1)  200°  F 250°  F 

MIL-L 

27502 

MIL-L 

27502 

500°  F Polypheryl 
Ester  Ether 

Perfluor. 

Polyether 

Fuel  System  Base  Same 

FPS 

Fluid  (Wt-lb) 

328  in3  at  80°  F 

11.6 

11.6 

11.6 

14.2 

22.5 

Integral  Hyd. 
Pump  (hidu- 
minimum  <450°  F) 

34.2 

34.2 

50.9 

50.9 

55.8 

Hyd.  Reservoir 
(T<550°  F) 

38.0 

38.0 

38.0 

38.0 

52.0 

Ti  Piping  & 
Insulation 
(T<550°  F) 

30.4 

30.4 

30.4 

30.4 

42.0 

Other  Hyd. 
Components 
(T<550°  F) 

26.5 

26.5 

26.5 

26.5 

33.8 

16- Ag  Act. 
(Titanium) 

27.0 

27.0 

27.0 

27.0 

45.8 

I6-A29  Act. 
(Titanium) 

63.2 

63.2 

63.2 

63.2 

104.6 

16-A28  Act. 
(Titanium) 

32.2 

32.2 

32.2 

32.2 

54.0 

2-A4  Act. 
(Titanium) 

6.2 

6.2 

6.2 

6.2 

10.3 

2*a25  Act. 
(Titanium) 

6.2 

6.2 

6.2 

6.2 

10.3 

2-VSV  Act. 
(Titanium) 

6.2 

6.2 

6.2 

6.2 

10.3 

AWt.  Penalty 

(lb)  Base  Same 

Base 

Same 

+16.7 

+19.3 

+159.7 

(1)  - Only  components  having  weight  changes  are  listed. 
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Table  XLV.  GE14/FLITE-2B  Fuel/Air  Cooler  Requirements 

201.5%  Engine 

Design  Point  Flight  Conditions 


WAIR  « 0.008  x W2C  - 2.84 

pps 

HHHKHMHHNMHMWiWNi 

B 

C 

Q (Btu/min) 

2,940 

1,033 

0 

0 

TAX  (°  F) 

1,029 

1,029 

1,029 

1,029 

tAi  r f> 

967 

1,007 

1,029 

1,029 

AT  , (°  F) 

air 

62 

22 

0 

0 

A * MIL-L-27502 
B - 500°  F Ester 
C * Polyphenyl  Ether 
D = Perfluorinated  Polyether 
T/x  » Cooler  Air  Inlet  Temperature 
T^  “ Cooler  Discharge  Temperature 


Table  XLVI.  GE14/FLITE-2B  Lubrication  System  Weight 
(Variable  Items) . 

201,5%  Engine 


Component 

MIL-L- 

27502 

500°  F 
Ester 

Polyphenyl 

Ether 

Perfluorinated 

Polyether 

Fuel/ Air  Cooler  (lb) 

16.61 

x.'i . 36 

0 

0 

Fuel/Oil  Cooler  (lb) 

9.64 

7.13 

5.24 

5.24 

Fuel/Hyd.  Cooler  (lb) 

9.64 

7.13 

5.24 

5.24 

Lube  Tank  (lb) 

15.60 

17.10 

17.40 

15.90 

"A"  Sump  Heat  Shield 

0 

0 

0 

-1.77 

(lb) 

"B"  Sump  Heat  Shield 

0 

0 

0 

-1.27 

(lb) 

Nonvented  Sump 

0 

0 

0 

22. 

Hardware  (lb) 

Fluid  Weight  (lb) 

19.80 

23.90 

30.00 

39.7 

Total  Weight  (lb) 

71.29 

68.62 

57.88 

85.59 

Delta  Weight  (lb) 

0 

-2.67 

-13.41 

+14.30 
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Table  XLV1I.  GE14/FI.ITE-2B  Engine  Weight  Changes  for  the 
Candidate  Lubricants. 


MIL-L- 

27502 

500°  F 
Ester 

Polyphenyl 

”ther 

l’erf  luorinated 
Polvether 

201.5% 

Engine 

Fuel  System  (lb) 

0 

0 

0 

0 

Fluid  1'ower  (lb) 

0 

+16.7 

+19.3 

+159.7 

Lubrication 
System  (lb) 

0 

-2.67 

-12.41 

+14.30 

Delta  Weight  (lb) 

0 

+14.01 

+5.8') 

+174.00 

100%  Engine 

Fuel  System  (lb) 

0 

0 

0 

0 

Fluid  Power  (lb) 

0 

+12.07 

+13.95 

+2.7.70 

Lubrication 
System  (lb) 

0 

-1.50 

-9.20 

+10.46 

Delta  Weight  (lb) 

0 

+10.57 

+4.75 

+125.85 

Table  XLVIII.  GE14/FLITE-2B  Ramjet  Idle-Descent  Summary,  MII.-L-27502 . 


201,5%  Fnp.lne 


Time 


Minutes 

0.00 

1.02 

2.02 

2.51 

2.52 

TFO  (°  V) 

150 

150 

150 

i50 

150 

TP  7 (°  F) 

247 

244 

234 

224 

191 

TF 1 4 C (°  F) 

— 

— 

— 

— 

202 

TF 14  P (°  F) 

— 

403 

304 

288 

374 

TF14M  (°  F) 

316 

320 

439 

— 

— 

TO 2 (°  F) 

355 

328 

291 

234 

330 

TH2  ("  F) 

350 

427 

399 

348 

258 

WREC  (pph) 

9,180 

9,188  9 

,215 

9,241 

9,276 

Recirculation 

Fuel  Weight  =■ 

388  pounds 

Table  XLIX. 

OKI  4/FI.ITK- 

•2B  Ramjet  Id 
201 . 

le-Descimt 
5 1 F.nj’lne 

Summary , 

Ln 
• — / 
O 
0 

Time 

Minute 

0 . 00 

1.02 

2.02 

2.5] 

2.52 

TFO  (° 

F) 

150 

1 80 

150 

150 

150 

TF  7 C° 

K) 

2S  2 

250 

239 

229 

192 

iT  140 

r f) 

— 

— 

— 

20  3 

'IT’  1 4 P 

(°  F) 

— 

378 

292 

262 

281 

TF14M 

(°  V) 

321 

325 

44  3 

— 

TO 2 (° 

F) 

409 

3H2 

33  H 

26 1 

382 

TH2  (° 

F) 

5U  3 

465 

398 

361 

28  3 

WREC  (ppli) 

8,410 

8 A 1 6 K 

,440  8 

,465 

8,508 

Reel  re 

u Lac i on 

Fue  1 

355  pounds 

1 ki- 


Table  L.  GE14/FLITE-2B  Ramjet  idle-Deseent  Summary, 
Polypbenyl  Ether. 

201.5%  Engine 


T tme 
Minutes 

0.00 

1.02 

2.02 

2.51 

2.5? 

TFO  (°  F) 

150 

150 

150 

150 

150 

TF7  (°  F) 

256 

254 

218 

208 

193 

IT  14C  (°  F) 

— 

— 

— 

— 

204 

IT' 14?  (°  F) 

— 

167 

261 

216 

T.'l 

TF14M  (°  F) 

124 

129 

428 

— 

— 

TO 2 (°  F) 

46 1 

417 

362 

265 

411 

TH2  (°  F) 

5 76 

529 

424 

180 

04 

WREC  (pph ) 

7,800 

7,805  7 

,788 

7,885 

7,899 

Recirculation 

Fuel  Weight  = 

130  pounds 

Table  LI.  GK14/FL1TE-2H  Ramjet  ldle-))escent  Summary, 
Perf  luor  Ina  ted  Pol  vet  lie  r . 

201  . 57.  K nglne 


Time 

Minutes 

0.00 

1.0? 

2.0? 

2.51 

2_.  52 

o 

' — 
o 

u-i 

150 

150 

150 

150 

1 50 

TF7  (°  FI 

256 

254 

218 

.208 

’ 1 1 

7F14C  ("  F) 

— 

— 

— 

— 

204 

'IT  1 4 P (°  F) 

— 

166 

262 

213 

227 

TF14M  C F) 

12.4 

129 

428 

— 

— 

T02  (°  F) 

51? 

484 

400 

282 

501 

Til 2 (°  F) 

651 

594 

47  2 

420 

3 12 

WREC  (pph) 

7,6  55 

7 .*59  7 

,717 

,7  59 

7,751 

Recircul.it  Lon 

Fuel  Weight 

- 124  pounds 

Mission  B/Study  2 Fluid  System  Schematic 


Table  LI I. 

GE14/FLITE 

Candidate 

-2C  Engine 
Lubricants . 

Weight  Changes  ior 

the 

MIL-L 

500°  F 

Polypheny 1 

Perfl uor inatec 

27502 

Es^er 

Ether 

Polyether 

201^ 

57  Engine 

Fuel  System  (lb) 

0 

0 

0 

0 

Fluid  Power  (lb) 

0 

+16.7 

+19.3 

+159.7 

Lubrication 

0 

-2.67 

-13.41 

+14.30 

System  (lb) 

Delta  Weight  (1b) 

0 

+14.0) 

+5  89 

+174.00 

1007. 

Engine 

Fuel  System  (lb) 

0 

0 

0 

0 

Fluid  Power  (lb) 

0 

+12.07 

+13.95 

+115.39 

Lubrication 

0 

0 

m 

1 

-9.20 

+10.46 

System  (lb) 

Delta  Weight  (lb) 

0 

+10.57 

+4.75 

+1125.85 
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Using  the  GE14  thermal  model,  computer  runs  were  executed  for  each  fluid, 
the  results  of  which  are  shown  in  Figures  68  to  71.  Ihe  idle  -descent  summaries 
are  given  in  Tables  LIII  to  LVI . Although  the  recirculation  fuel  flow  rates  for 
the  ramjet  idle-descent  are  similar  to  those  listed  for  Study  1,  it  can  be 
seen  that  the  fuel  inlet  temperatures  to  the  engine  have  been  reduced  substan- 
tially below  the  25G°  F maximum  level.  This  reduction  was  the  result  of  an 
iterative  process  to  properly  match  the  engine  fluid  system  and  the  aircraft 
ECS  heat  load  requirements.  With  a 250°  F inlet  temperature  to  the  engine, 
the  quantities  of  engine  fuel  recirculation  to  the  aircraft  reach  levels  where 
the  aircraft  ECS  heat  load  is  insufficient  to  provide  the  250°  F interface 
temperature.  As  a result  of  this  condition,  the  250 n F maximum  temperature 
condition  is  reached  only  during  the  final  idl  -descent  to  sea  level. 
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68.  GE14/FLITE-2C  Thermal  Profiles,  MIL-L-27502 


Figure  T'i.  GE14/FLITE-2C  Thermal  Profiles,  Folypheny  1 Ether. 


/FLITE-2C  Thermal  Profiles,  Perf luorinated  Polyether 


Table  Till.  GE14/FLITE-2C  Idle-Descent  Summary,  MIL-L-27502. 


(a)  Ramjet  Idle-Descent 


201.5% 

Engine 

Time 

Minutes 

0.00 

1.02 

2.02 

2.51 

TFO  (°  F) 

180 

180 

180 

180 

TF7  (°  F) 

280 

272 

262 

252 

TF14C  (°  F) 

— 

— 

— 

— 

TF14P  (°  F) 

— 

424 

328 

292 

TF14M  (°  F) 

346 

344 

453 

— 

T02  (°  F) 

374 

350 

316 

260 

TH2  (“  V) 

424 

407 

362 

335 

WREC  (pph) 

9,000  9 

,023 

9,048 

9,074 

Recirculation 

Fuel  Wei 

.ght  - 379 

Pound  s 

(b) 

Idle-Descent  to 

Sea  level 

201.5% 

Engine 

Time 
Min  .tea 

0.00 

0.43 

1.43 

2.43 

TFO  (°  F) 

250 

250 

250 

250 

TV 7 (°  F) 

304 

302 

294 

283 

TF14C  (°  F) 

326 

324 

312 

293 

TF14P  (°  F) 

— 

— 

— 

— 

TF14M  (°  F) 

— 

— 

— 

— 

TO 2 (°  F) 

405 

395 

365 

332 

TH2  (°  F) 

386 

3/4 

344 

314 

WREC  (pph) 

2,200 

2,201 

2,206 

2,213 

Recirculation  Fuel  Weight  -89  Founds 


2^52 

180 

220 

231 

391 

351 

277 

9,109 
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Table  L1V.  GE14/FLITK-2C  Id I e~D as cent  Summary,  500“  F Ester. 


(a")  Ramjet.  Idla-Descerit 
201.5%  Engine 


Time 


Minutes 

0.00 

1.02 

2.02 

2.51 

2.52 

TFO  ( 

° F) 

183 

183 

183 

183 

183 

TF7  ( 

0 F) 

284 

278 

401 

258 

223 

TF14C 

(°  F) 

— 

— 

— 

— 

— 

TF14P 

(°  F) 

323 

317 

238 

306 

TF14M 

(°  F) 

350 

349 

457 

— 

— 

TO  2 ( 

° F) 

420 

402 

360 

285 

4C4 

TH2  ( 

0 F) 

500 

480 

418 

382 

310 

WREC 

(rpn) 

8,500 

8,517 

8 , 540 

8,566 

8,606 

Recirculation  Fuel  Weight.  •*  358  Pounds 


(b)  Idle-Descent  to  Sea  Level 
201.5%  Engine 


Time 

Minutes 

0.00 

0.43 

1.43 

2.43 

TFO  (°  F) 

250 

250 

250 

250 

TF7  (°  F) 

304 

302 

292 

280 

TF14C  (°  F) 

325 

323 

310 

290 

TF14P  (°  F) 

— 

— 

— 

— 

TF14M  (°  F) 

— 

— 

— 

— 

TO 2 (°  F) 

440 

430 

387 

355 

TH2  (°  F) 

426 

414 

367 

320 

WREC  (pph ) 

2,000 

2 ,001 

2,004 

2,009 

Recirculation  Fuel  Weight  - 81  Pounds 


Table  LV.  GE14/FLITE-2C  Idle-Descent  Summary,  Polyphenyl  Ether. 


(a)  Ramjet  Idle-Descent 

201.5%  Engine 

Time 

Minutes 

0.00 

1.02 

2.02 

2.51 

2.52 

TFO  (°  F) 

187 

187 

187 

187 

187 

TF7  (°  F) 

289 

284 

275 

264 

227 

TF14C  (°  F) 

— 

— 

— 

— 

238 

TF14P  (°  F) 

— 

392 

315 

289 

159 

TF14M  (°  F) 

354 

355 

462 

— 

— 

T02  (°  F) 

467 

453 

405 

311 

456 

TH2  C F) 

576 

553 

474 

430 

339 

WREC  (pph) 

8,000 

8,013 

8,034 

8,058 

8,102 

Recirculation  Fuel  Weight  * 337 

' Pounds 

(b)  Idle-Descent  to 

Sea  Level 

201.5%  Engine 

Time 

Minutes 

0.00 

0.43 

1.43 

2.43 

TFO  (°  F) 

250 

250 

250 

250 

TF7  (°  F) 

304 

303 

297 

287 

TF14C  (°  F) 

325 

323 

313 

294 

TF14P  (°  F) 

— 

— 

— 

— 

TF14M  (°  F) 

— 

— 

— 

— 

T02  (°  F) 

486 

467 

418 

364 

TH2  (°  F) 

453 

430 

375 

330 

WREC  (pph) 

1,700 

1,700 

1,703 

1,706 

Recirculation  Fuel  Weight  = 69 

Pounds 
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Table  LVI.  GE14/FLITE-2C  Idle-Descent  Summary,  Perfluorinated 
Poly ether . 


(a)  Ramjet  Idle-Descent 

201.5%  Engine 

Time 

Minutes 

0.00 

1.02 

2.02 

2^51 

2.52 

/^s 

pH 

o 

o 

ft 

192 

192 

192 

192 

192 

TF7  (°  F) 

295 

290 

257 

246 

232 

TF14C  (°  F) 

— 

— 

— 

— 

243 

TF14P  (°  F) 

— 

397 

298 

271 

264 

TF14M  (°  F) 

359 

361 

449 

— 

— 

T02  (°  F) 

523 

506 

429 

312 

529 

TH2  (°  F) 

651 

622 

509 

456 

370 

WREC  (pph) 

7,500 

7,509 

7,583 

7,605 

7,597 

Recirculation  Fuel  Weight  ■ 317 

Pounds 

(b)  Idle-Descent  to 

Sea  Level 

201.5%  Engine 

Time 

Minutes 

0.00 

0.43 

1.43 

2.43 

TFO  (°  F) 

250 

250 

250 

250 

TF7  (°  F) 

304 

303 

297 

287 

TF14C  (°  F) 

327 

325 

315 

296 

TF14P  (°  F) 

— 

— 

— 

— 

TF14M  (°  F) 

— 

— 

— 

— 

TO 2 (°  F) 

520 

501 

452 

398 

TH2  (°  F) 

496 

472 

413 

358 

WREC  (pph) 

1,500 

1,500 

1,503 

1,508 

Recirculation  Fuel  Weight  = 61 

Pounds 
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For  this  study,  fuel  recirculation  to  the  aircraft  main  feed  tank  is  also 
necessary  during  the  final  descent.  Maximum  flow  rates  on  the  order  of  1,600 
pph  are  necessary  during  this  mission  phase  to  limit  maximum  system  temperatures 
tc  permissible  levels.  Fuel  overtemperature  conditions  also  occur  in  the 
operating  burner  lines  during  this  final  idle-descent  to  sea  level. 

B. 3 Study  3 

The  Mission  B/Study  3 incorporates  JP-7  fuel  at  a maximum  inlet  fuel 
temperature  of  250°  F.  The  use  of  JP-5/8  fuel  at  350  0 F inlet  fuel  temperature 
was  considered  as  an  alternative  for  this  study,  but  was  not  deemed  feasible 
as  Mission  B requires  a fuel  with  a higher  thermal  stability  or  a lower  inlet 
fuel  supply  temperature  in  order  to  obtain  the  necessary  fuel  heat  sink  capacity. 

Figure  72  shows  the  fluid  system  for  the  GE14/FLITE-2D  engine.  Inner 
and  outer  duct  ram  main  burner  fuel/air  coolers,  shown  in  Figure  60,  are 
located  downstream  of  the  main  engine  control  for  cooling  the  main  burner 
liner  cooling  air.  The  main  burner  fuel  schedule  is  changed  to  provide  60 
percent  of  the  total  mainburner  flow  to  the  outer  duct  fuel/air  cooler  and  40 
percent  to  the  inner  duct  fuel/air  cooler.  The  fuel  scheduling  is  accomplished 
by  the  addition  of  a dual  flow  regulating  servovalve  in  the  main  burner  portion 
of  the  fuel  control,  the  fuel  flow  for  both  coolers  are  routed  downstream 
from  the  fuel  control  through  the  fuel/air  coolers  and  into  the  main  burner 
fuel  nozzles  through  header  manifolds  which  are  integral  portions  of  the  cooler 
designs.  The  use  of  JP-7  fuel  simplifies  the  cooling  requirements  for  the  core, 
ram  preburner  and  ram  main  burner  fuel  lines  when  these  respective  burners 
are  not  in  operation.  Where  for  JP-5  fuel,  a temperature  dependent  recirculating 
system  was  necessary  to  meet  the  fuel  thermal  stability  requirements,  the  use 
of  JP-7  fuel  permits  a constant  flow  of  100  pph  to  be  supplied  to  the  burner 
lines  when  the  respective  burners  are  not  in  operation.  This  flow  is  of  such 
a negligible  quantity  that  it  is  considered  expendable. 

A summary  of  the  GE14/FLITE-2D  engine  weight  changes  for  the  four  lubricant/ 
hydraulic  fluids  is  given  in  Table  LVII. 

Figures  73  to  76  depict  the  engine  fluid  temperature  profiles  for  JP-7 
fuel  and  the  candidate  fluids  used  in  the  lubrication  and  fluid  power  systems. 

The  use  of  the  ramburner  liner  cooling  air  fuel/air  heat  exchangers  causes 
maximum  fuel  system  temperatures  of  approximately  1000°  F during  the  cruise- 
out  portion  of  the  mission.  These  temperatures  occur  in  the  fuel/air  heat 
exchangers  and  permit  a reduction  of  from  30%  W25  to  15.5%  W25  in  the  quantity 
of  cooling  air  required  for  the  main  burner  liner.  Location  of  the  fuel/air 
coolers  adjacent  co  the  main  turner  permits  a short  residence  time  at  elevated 
temperatures  and  minimizes  the  potential  for  blockage  of  the  fuel  lines  due 
to  thermal  degradation  products. 

The  idle-descent  recirculation  fuel  summaries  are  given  in  Tables  LVIII 
to  LXI.  Recirculation  of  fuel  to  the  aircraft  main  feed  tank  is  necessary  during 
the  ramjet  idle-descent  to  restrict  the  operating  temperatures  of  the  fluid 
power  and  lubrication  systems  to  within  the  prescribed  bulk  oil  stability  limits. 
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Fuel-Cooled  Shuttered 

Alternator  Centrifugal  Pump 


Table  LVII.  GE14/FLITE-2D  Engine  Weight  Changes  for  the  Candidate 
Lubricants . 


MIL-L 

27502 

500°  F 
Ester 

Tolyphenyl 

Etner 

Per  flu  or  ina  ted 
Polyether 

Fuel  System 

Fluid  Power 

Lubrication 

System 

129.2  lb 
0 
0 

201.5%  Engine 

129.2  lb 
16.7 
-2.7 

129.2  lb 
19.3 
-13.4 

129.2  lb 
159.7 
14.3 

Delta  Weight 

129.2  lb 

143.2  lb 

135.1  lb 

303.2  lb 

100.0%  Engine 

Fuel  System 

62.1  lb 

62.1  lb 

62.1  lb 

62.1  lb 

Fluid  Power 

0 

12.1 

13.9 

115.4 

Lubrication 

System 

0 

-1.5 

-9.2 

10.5 

Delta  Weight 

62.1  lb 

72.7  lb 

66.8  lb 

188.0  lb 
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TEMPERATURE.  DEGREES  F (X10  ) 1 

♦ 0^00  20.00  3 0.00  Y0.00  50.00  60.00  70.00  80.00  90.00  100.00 


«>  ENGINE  INLEI  FUEL  TEMP 
□ CORE  ENGINE  NOZZLE  FUEL  TEMP 
A OIL  SCAVENGE  TEMP 
X OIL  SUPPLT  TEMP 
* MTORflULIC  FLUID  SCAVENGE  TEMP 
+ MTDRAULIC  FLUID  SUPPLT  TEMP 
O MAIN  BURNER  NOZZLE  FUEL  TEMP 
Z PREBURNER  NOZZLE  FUEL  TEMP 

Mission  B/Stuilv  3 JP-7  Fuel 

MIL-L-27502  Lubricant  L Hydraulic 

Flui  d 


MISSION  PHASE 


Figure  73.  GE14/FLITE-2D  Thermal  Profiles,  MIL- 1.-27502 
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RATURE.  DEGREES  F ( XI 0 ) 1 

0.00  SO. 00  60.00  70.00  80.00  90.00  100.00 


<t>  ENGINE  INLET  FUEL  TEMP 
□ CORE  ENGINE  NOZZLE  FUEL  TEMP 
A OIL  SCAVENGE  TEMP 
X OIL  SUPPLT  TEMP 
* MTORAULIC  FLUIO  SCAVENGE  TEMP 
+ MTORAULIC  FLUIO  SUPPLT  TEMP 
O RAIN  BURKE0.  NOZZLE  FUEL  TEMP 
Z PRE8URNER  NOZZLE  FUEL  TEMP 

liission  B/Study  3 JP- 7 Fuel 

500°  F Ester  Lubricant  It  Hydraulic  Fluid 


MISSION  PHASE 


Figure  74.  GE14/FLITE-2D  Thermal  Profiles,  500°  F Ester. 
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TEMPERATURE.  DEGREES  F (X10 


Th’MPERATURE.  DEGREES  F (X10  ) » 

(0.00  20.00  JO. 00  >10.00  50.00  60.00  70.00  80.00  90.00  100.00 
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<t>  ENGINE  INLET  FUEL  TEMP 
□ CORE  ENGINE  NOZZLE  FUEL  TEMP 
A GIL  SCAVENGE  TEMP 
X OIL  SUPPLY  TEMP 
* HYDRAULIC  FLUID  SCRVENGE  TEMP 
+ HYORAULIC  FLUID  SUPPLY  TEMP 
0 MAIN  BURNER  NOZZLE  FUEL  TEMP 
Z PREBURNER  NOZZLE  FUEL  TEMP 


Mission  B/Study  3 JP-7  Fuel 
Parfluorlnattd  Polyether  Lubricant  & 
Hydraulic  Fluid 


+ 

MISSION  PHASE 


Figure  76.  GE14/FLITE-2D  Thermal  Profiles,  Perf luori nated  Polyether. 
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Table  LVIII.  GE14/FLITE-2D  Ramjet  Idle-Descent  Summary,  MIL-L-27502. 


201.5%  Engine 


Time 

Minutes 

0.00 

0.52 

1.02 

2.02 

2.51 

2.52 

TFO  (°  F) 

180 

180 

180 

180 

180 

180 

TF7  (°  F) 

274 

271 

266 

257 

248 

219 

TF14C  (°  F) 

637 

607 

577 

462 

399 

229 

TF14P  (°  F) 

448 

488 

400 

317 

287 

384 

TF14EM  (°  F) 

324 

322 

320 

421 

422 

392 

TF14IM  C F) 

348 

347 

345 

494 

496 

465 

WREC  (pph) 

9,000 

9,011 

9,026 

9,054 

9,085 

9,124 

Recirculation  Fuel  Weight  = 381  pounds 


Table  LIX.  GE14/FL1TE-2D  Ramjet  Idle-Descent  Summary,  500°  F Ester. 


201,5%  Engine 


Time 

Minutes 

0.00 

|o 

j • 
*0 

1.02 

2.02 

2.51 

TFO  (°  F) 

183 

183 

183 

183 

183 

TF7  (°  F) 

279 

276 

272 

264 

253 

TF14C  (°  F) 

639 

610 

580 

465 

403 

TF14P  (°  F) 

426 

429 

377 

307 

283 

TF14EM  (°  F) 

329 

327 

325 

425 

425 

TF14IM  (°  F) 

353 

352 

350 

498 

499 

WREC  (pph) 

8,500  8 

,510 

8,522 

8,548 

8,579 

Recirculation 

Fuel 

Weight  = 359 

Pounds 
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Table  LX.  GE14 /FLITE-2D  Ramjet  Idle-Descent 
Summary,  Polyphenyl  Ether. 

201.5%  Engine 


Time 


Minutes 

0.00 

0.52 

1.02 

2.02 

2.51 

TFO  (°  F) 

187 

187 

187 

187 

187 

TF7  (°  F) 

263 

260 

257 

247 

236 

TF14C  (°  F) 

630 

601 

571 

455 

392 

TF14P  (°  F) 

398 

445 

348 

282 

261 

TF14EM  (°  F) 

313 

311 

309 

413 

414 

TF14IM  (°  F) 

337 

336 

335 

488 

490 

WREC  (pph) 

8,000 

8,009 

8,018 

8,044 

8,073 

Recirculation  Fuel  Weight  = 337  pounds 


Table  LXI.  GE14/FLITE-2D  Ramjet  Idle-Descent 
Summary,  Perfluorinated  Polyether. 

201.5%  Engine 


Time 

Minutes 

0.00 

0.52 

1.02 

2.02 

2.51 

o 

O 

& 

192 

\j2 

192 

192 

192 

TF7  (°  F) 

277 

273 

268 

257 

245 

TF14C  (°  F) 

637 

606 

577 

460 

397 

TF14P  (°  F) 

409 

454 

358 

291 

269 

TF14EM  (°  F) 

325 

323 

320 

420 

419 

TF14IM  (°  F) 

349 

347 

346 

493 

494 

WREC  (pph) 

7,500 

7,503 

7,514  7 

,535 

7,565 

Recirculation 

Fuel  Weight 

= 316  pounds 
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Balancing  of  the  airframe  heat  load  with  the  quantities  of  recirculation  fuel 
flows  necessary  for  each  fluid  produced  the  inlet  fuel  temperature/recirculation 
flow  combinations  shown  in  the  tables.  Recirculation  is  not  required  during 
the  final  descent  to  sea  level. 

B. 4 Study  4 

Mission  B/Study  4 allows  the  maximum  JP-7  engine  interface  fuel  temperature 
to  increase  to  350°  F.  The  fluid  system  for  the  GE14/FLITE-2E  engine  is  shown 
in  Figure  77.  The  lubrication  and  fluid  power  systems  are  the  same  as  those 
defined  for  Mission  B/Study  3 (JP-7  at  250°  F) . 

Some  changes  were  necessary  in  the  fuel  delivery  system  due  to  the  increase 
in  interface  fuel  temperature.  These  changes  included  the  following: 

o The  material  in  the  main  engine  control  was  changed  from  aluminum 
to  titanium. 

o A gearbox  driven  refrigeration  unit  was  required  in  the  electronic 
flow  cooling  loop  to  insure  cooling  and  safe  operation  of  the 
electronic  control. 

o The  elevated  fuel  inlet  temperature  required  further  conversion  of 
fuel  system  piping  from  titanium  to  stainless  steel. 

o Although  the  site  of  the  ramburner  liner  cooling  air  fuel/air  cooler 
remained  the  same,  the  quantity  of  liner  cooling  air  was  increased 
from  15.5%  to  16.5%  W2^. 

The  weight  changes  for  the  GE14/FLITE-2E  fuel  delivery  system  are  listed 
in  Table  LXIII.  The  fluid  power  and  lubrication  system  weights  did  not  change. 

A summary  of  the  incremental  weight  changes  for  the  Study  4 engine  is  given  in 
Table  LX1I. 

The  thermal  profiles  for  each  of  the  four  lubricants  are  shown  in  Figures 
78  to  81  and  the  recirculation  summaries  are  listed  in  Tables  LXIV  to  LXVTI. 

For  the  final  descent  to  sea  level,  fuel  recirculation  is  needed  for  the  MIL-L-27502 
and  500°  F ester  fluids.  This  reaches  a maximum  of  8,500  pph  for  the  MIL-L- 
27502  lubricant.  As  with  all  the  previous  studies,  recirculation  is  necessary 
during  the  ramjet  idle  descent  mission  phase  for  all  four  fluids  to  maintain 
them  within  their  bulk  oil  stability  limits. 
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Figure  77.  Mission  B/Study  4 Fluid  System  Schematic. 


Table  LXII.  GE14/FLITE-2E  Fuel  Delivery  System  Weight  Comparison. 


Fuel  System^ 
Components 

GE14/FLITE-ZA 
(Baseline) 
(JP-5  @ 200°  F) 

GE14/FLITE-2E 
(JP-7  @ 350°  F) 

Refrigerator 

0 lb 

8.3  lb 

Main  Engine  Control 

37 

47.8 

Inner/Outer  MB  Duct 
H-X. 

0 

138.1 

MB  Fuel  Lines  & 
Insul. 

13.5 

2.1 

MB  Manifold  Fuel 
Recirculating  Sys. 

1.3 

0.0 

1 Only  components 

that  change  weight  are  listed. 

Table  LXIII.  GE14/FI.ITE-2E  Engine  Weight  Changes  for 
the  Candidate  Lu  'ricants. 


MIL-L- 

27502 

500°  F 
Ester 

Polyphenyl 

Ether 

Perfluor inated 
Polyethec 

Fuel  System 

Fluid  Power 

Lubrication 

System 

144.5  lb 
0 
0 

201.5%  Engine 

144.5  lb 
16.7 
-2.7 

144.5  lb 
19.3 
-13.4 

144.5  lb 
159.7 
14.30 

Delta  Weight  = 

144.5  lb 

158.5  lb 

150.4  lb 

318.5  lb 

100%  Engine 

Fuel  System 

73.1  lb 

73.1  lb 

73.1  lb 

73.1  lb 

Fluid  Power 

0 

12.1 

13.9 

115.4 

Lubrication 

System 

0 

-1.5 

-9.2 

10.5 

Delta  Weight  = 

73.1  lb 

83.7  lb 

77.8  lb 

199.0  lb 

168 


TEMPERATURE . DEGREES  F (X10 


«.  ENGINE  INLET  FUEL  TEMP 
□ CORE  ENGINE  NOZZLE  FUEL  TEMP 
A OIL  5C0VENGE  TEMP 
X OIL  SUPPLT  TEMP 
M MTDRAULIC  FLUID  5WENGE  TEMP 
+ MTDRAULIC  FLUID  GUPPLT  TEMP 
O MAIN  BURNER  NOZZLE  FUEL  TEMP 
Z PREBURNER  NOZZLE  FUEL  TEMP 

Mission  B/Stud'  4 JP- 7 Fuel 
MIL-L-27502  Lutrlcant  & Hydraulic  Fluid 
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MISSION  PHASE 


Figure  78.  GE14/FLITE-2E  Thermal  Profiles,  MIL-L -27502. 
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Table  lXIV.  GE14/FL1TE-2E  ldle-Desccnt  Summary,  MIL-L-27  502 . 


(a)  : 

Ramjet  Idle 

-Descent 

201.5%  Engl 

ne 

Time 

Minutes 

0.00 

0.52 

1.02 

2.02 

2.51 

TFO  (° 

F) 

168 

168 

168 

168 

168 

IF  7 (° 

F) 

251 

248 

244 

236 

227 

TF14C  ( 

° F) 

627 

596 

565 

449 

387 

TF 14V  ( 

° F) 

430 

476 

384 

299 

269 

TF 1 4 EM 

(°  F) 

303 

301 

299 

390 

‘t  10 

TF14TM 

(°  F) 

328 

327 

325 

459 

487 

WUEC  (° 

F) 

11,000 

11,012 

11,026 

ii 

,055 

11,087 

.ecirculation  Fuel  Weight  = 465  Pounds 


(b)  ldle-Deseent  to  Sea  Level 


lime 

Minutes 

0 ■ 00 

0.43 

1.43 

2_.  43 

TFO  (°  F) 

3 50 

350 

350 

350 

TF  7 r F) 

367 

366 

361 

399 

TF14C  (°  F) 

383 

331 

372 

399 

3F14P  (°  F) 

3«)8 

387 

365 

385 

TF14EM  (°  F) 

44  2 

418 

367 

357 

TF141M  (°  F) 

282 

447 

375 

346 

WUEC  (pph) 

8 , 500 

8,500 

8,521 

0 

Recirculation  Fuel 

Weight 

= 345  Pounds 

2.52 

168 

205 

215 

376 

385 

460 

109 


Table  LXV.  GE14/FLITE-2E  Idle-Descent  Summary,  500°  F Ester. 


(a) 

Ramjet 

Idle-Descent 

201.5% 

Engine 

Time 

Minutes 

0.00 

0.52 

1.02 

2.02 

2.51 

2.52 

TFO  (°  F) 

17 1 

171 

171 

171 

171 

171 

TF7  (°  F) 

256 

253 

250 

242 

233 

208 

TF14C  (°  F) 

630 

598 

568 

453 

391 

218 

TF14P  (°  F) 

408 

456 

360 

288 

264 

291 

TF14EM  (°  h) 

307 

306 

304 

394 

413 

386 

TF14IM  (°  F) 

332 

331 

330 

463 

490 

461 

WREC  (pph) 

10 

,500 

10,510 

10,522 

10,550 

10,582 

10,612 

Recirculation 

Fuel 

Weight 

= 444  Pounds 

(b) 

Idle-Descent  to  Sea  Level 

Time 

Minutes 

0.00 

0.43 

1.43 

TFO  C 

F) 

350 

350 

3 50 

TF7  (° 

F) 

393 

391 

419 

TF14C 

(°  F) 

410 

407 

426 

TF14F 

(°  F) 

422 

<*11 

418 

TF14EM 

(°  F) 

462 

437 

410 

TF14IM 

(°  F) 

498 

463 

412 

WREC  (pph) 

1,600 

i 

,601 

0 

Recirculation 

Fuel 

Weight 

= 38  Pou 

nds 

174 


lable  LXVI.  GE14/FLITE-2E  Ramjet.  Idle-Descent  Summary, 
Polyphenyl  Ether. 

201,5%  Eng i lie 


Time 

Minutes 

0.00 

0.52 

1.02 

2.02 

2.51 

O Cl 

TFO  C F) 

174 

174 

174 

174 

174 

174 

TF7  (°  F) 

261 

258 

255 

247 

238 

211 

TF14C  (°  F) 

630 

601 

571 

456 

394 

221 

TF1/ ? { F) 

398 

447 

349 

284 

263 

243 

TF14EM  (°  F) 

512 

310 

309 

397 

417 

388 

TF14IM  (°  F) 

336 

335 

335 

466 

492 

463 

WREC  (pph) 

10,000 

10,010 

10,020 

10,046 

10,078 

■>0,014 

Recirculat io 

n Fuel 

Weight  422 

Pounds 

Table 

LXV1I.  GE14/FLITE-2E 
Perfluot inated 

201. 

Ramjet  Idle-uascent 
Polyether . 

5%  Engine 

Summary , 

Time 

inutes 

0.00 

0.52 

1.02 

2.02 

2.51 

2.52 

TFO  C F) 

176 

176 

176 

176 

17  o 

176 

TF7  (°  F) 

271 

268 

264 

254 

244 

214 

TF14C  (°  F) 

635 

605 

576 

460 

398 

225 

TF14P  (°  F) 

406 

453 

356 

290 

269 

246 

TF14EM  (“FT 

321 

319 

317 

403 

420 

390 

TF141M  (°  F) 

345 

344 

342 

470 

495 

464 

WREC  (pph) 

9,500 

9,511 

9 

,524 

9,555 

9,588 

9,633 

Recirculation  Fuel  Weight  - 402  Pounds 


c. 


Inte rceptor  Design  a Performance 


The  Mission  B interceptor  evaluation  included  the  effects  of  fueJ  thermal 
limits  on  both  aircraft  and  engine  systems  for  the  matrix  of  four  engine 
lubricants.  A summary  of  the  study  aircraft  is  presented  in  Table  LXV111. 

Study  1 and  Study  2 provide  a measure  of  the  impact  on  aircraft  and  engine 
performance  of  the  maximum  allowable  engine/airf rame  fuel  interface  temper- 
ature ter  a Jl’-5/b  class  fuel  at  150°  F and  250°  F.  Study  1 and  Study  4 
provide  a similar  comparison  for  a JP-7  cla^.r.  fuel  aL  250°  F and  350°  F. 
Additionally,  the  results  of  Study  2 and  Study  3 illustrate  the  influence  of 
fuel  thermal  stability  on  engine  and  resulting  interceptor  performance.  The 
combined  result  of  the  fuel  change  and  interface  fuel  temperature  increase 
from  the  heaviest  interceptor  (Study  1)  to  the  lightest  inLerceptor  (Study  4) 
was  a 3,300  lb.  reduction  in  TOOW. 

The  influence  of  lubricant  selection  on  engine  weight  and  resulting  inter- 
ceptor performance  was  of  second  order  as  compared  to  fuel  effects  with  the 
exception  of  perf luorinated  polyether.  The  minor  weight  variations  discussed 
in  subsequent  sections  cannot  be  considered  sufficient  to  permit  specific 
lubricant  selection  recommendations  solely  on  a bulk  oil  temperature  capability 
basis . 


C . 1 Interceptor  Design 

The  range  of  size  for  the  Mission  B interceptors  designs  are  illustrated 
in  Figure  82.  These  configurations  are  sized  for  the  Mat'll  4+  mission.  The 
major  performance  characteristics  are  presented  in  Table  I.X1X  for  the  four 
designs.  The  aircraft  design  inputs  and  sizing  criteria  are  identical  lor 
all  of  these  interceptors  as  presented  in  Section  111. 

As  the  interface  temperatute  is  increased,  both  the  interceptor  size 
and  weight  are  reduced,  primarily  due  to  improved  engine  performance.  Additional 
interceptor  weight  variations  are  obtained  due  to  changes  in  airframe  subsystem 
and  engine  weights.  The  rationale  behind  the  performance  and  weight  variations 
are  presented  in  subse.que.nt  paragraphs. 

C . 2 M ission  Performance 

The  CE14/FLITE-2A  propulsion  system  described  in  Section  111  was  modified 
to  reflect  changes  in  fuel,  lubricant,  and  engine/airframe  fuel  interface 
temperature  for  the  four  Mission  11  studies.  The  increasing  engine  weight  with 
increasing  interface  temperature  is  due  in  part  to  cl:  mges  in  the  fluid  power  and 
lubrication  systems  to  accommodate  this  higher  fuel  temperature.  Within  iho 
range  of  engine/airframe  fuel  temperatures  investigated,  the  engine  performance 
improved  with  increasing  temperatures.  An  approximate  0.2%  increase  .in  thrust 
ard  0.3%  reduction  in  SFC  are  obtained  over  the  entire  flight  prolile  tor  each 
lOO0  F increase  in  interface  temperature.  These  improvements  result  from 
improved  engine  cycle  thermal  efficiency  due  to  the  increasing  tuol  interface 
temperature.  It  is  anticipated  that  further  improvements  in  engine  performance 
with  increasing  interface  temperature  may  be  limited  by  either  material  limita- 
tions and/or  fluid  system  design  and  operational  complexity. 
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Table  LXVTII.  Mission  B Summary. 


Study  1 

Study  2 

Study  3 

Study  4 

Engine  GE14/FLITE 

2B 

2C 

20 

2E 

Fuel 

JP-5/8 

JP-5/8 

.TP-7 

JP-7 

Engine/Airf rame  Interface 
Temp.  (°  F) 

150 

250 

250 

7,50 

Fuel  Loading  Temp. 

Amb  . 

Amb  . 

Amb . 

Amb  . 

Fuel  Density  @ Loading 
Temper  allure  (ps.f) 

.51.8 

51.8 

51.3 

51.8 

ECS  Type 

Vapor 

Cycle 

Vapor 

Cycle 

Vapor 

Cycle 

Vapor 

Cycle 

ECS  Weight  (lb) 

734 

672 

672 

669 

Ali  engines  use  polyphenyl  ether 

lubricant . 

177 
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l ab! e I X l X . 


Mis::  . ..n  I!  Major  1'erlormana’  (huraet  e ri  .t  i t 


Study  i 

Study  2 

Study  3 

Study  4 

Take-off  Gross  Weight. 

Oh) 

89,000 

87,000 

86,000 

85, 701) 

2 

Wing  Area  (ft  ) 
(Including  Tips) 

1,160 

1,140 

1,130 

1,120 

Engine /Airframe  Fuel 
Interface  Temperature 

(°  F) 

ISO 

7.  SO 

250 

350 

Fuel  Type 

JF-5/8 

JF-5/8 

JP-7 

J1‘-  7 

I 79 


Additional  engine  performance  increment.;  are  obtained  for  Lite  -2L>  and  -2K 
engines  by  using  the  higher  !ieat  sink  of  JP-7  to  precool  the  ramburner  liner 
cooling  air.  by  lowering  the  air  temperature,  the  quantity  ot  raiuburner  liner 
cooling  air  is  reduced  by  approximately  507..  This  decrease  in  secondary  air 
produces  s igni  i i cant  improvements  in  engine  thrust  and  Kl-V.  The  increase  in 
weight  for  the  JP-7  fueled  engines  results  from  the  incorporation  of  tuel/air 
heat  exchangers  to  coo  1 the  ramburner  liner  cooling  air. 

C.3  Alternate  Lubricants 

The  influence  of  lubricant  selection  on  engine  weight  tor  the  GK14/FI.I1E 
■ngine.s  is  presented  in  Table  IJiX..  Although  Ml  1,-1,-27502  provide;,  the  lightest 
resultant  engine  for  all  study  engines , it  was  not  selected  for  use  in  per- 
forming the  interceptors.  This  decision  was  based  on  an  analysts  which  indicated 
that  greatly  increased  lubricant  system  servicing  would  be  required  if  Ml L-L-2 7502 
were  used  as  compared  to  polypheny]  ethei.  Polyphenyl  ether  was,  therefore 
selected  as  the  most  promising  lubticant  tor  all  the  configurations.  The 
increase  in  engine  weigh  s in  .urred  with  pc r I 1 nor i nut ed  polyether  rcsuLted  I rom 
changes  in  the  fluid  power  and  lube  systems  primarily  to  accommodate  the  low 
bulk  modulus  and  high  vapor  pressure  ot  perl luor inat ej  polveflu’r, 

The  variations  la  aircraft  T0(1W  to  account  lor  the  i hanger  in  engine  weight 
arising  from  the  use  cl  l'ic  alternate  lubricants  is  presented  ;n  Table  I, XXI. 

The  use  of  the  alternate  lubricants  impose  or  b'  minor  weight  penalties  with 
the  exception  ol  per i luor i nal ed  polvether. 

C.4  Thermodynamic  Characterist  ics 

fur  each  of  th'  Mission  It  coni  igurations,  KOI  weights  and  luel  tempera- 
ture characteristics  were  determined  as  a timet  ion  ol  I lie  maximum  a 1 I ovah  !e 
engine /air frame  tuel  interlace  temperature.  Variations  in  ITS  height  were 
determined  by  accounting  lor  changes  in  the  expendable  subsvs tern  requirements 
using  the  Mission  II  ITS  concept  described  in  Sect  ion  III.  I'he  ITS  weights  are 
734  lb  for  Studv  1,  (>/.'  lb  or  Studies  2 and  i,  and  « > « » < I Lb  lor  Studs'  4.  The 
variation  in  KCS  weight  r. 'suits  i rom  dillerrnecs  in  I he  aiuoiinl  ol  expendable 
I ue  I required  (to  maintain  aeieplahle  re  I r i gerat  i on  package  condenser  inlet  luel 
temperatures)  and  the  nine  ol  l he  subsystem  components.  The  luel  temporal m r 
characteristics  are  a lunetio:i  ol  heat  added  to  the  stored  luel  via  ree i n u li- 
t i on  from  either  the  a i r I rami’ /eng  i lie  interlace  or  I rom  the  engines,  and  heal 
transferred  to  Lhe  luel  through  the  airlrai.ie  stnietm  ■.  file  SLudien  1 tliroiigli 
4 aircraft  considered  luel  recirculation  I rom  the  engines  buck  to  the  airtiume 
feed  tank  during  t lie  descent  mission  phases. 

fuel  temperature  prol  Lies  lor  the  Studies  1 through  4 aircraft  are 
presented  in  figure  83.  the  profiles  lot  the  Studies  2 and  1 aircraft  are 
identical  due  to  the  same  250°  f interface  tempera! ure  requirement!;. 
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Tab  1 1*  L.tX.  Mission  B Kii*  I ne  W<'4;hi 


. t • u ; ; i t i v l I ■ 


I Olio 


“ii  ‘ 


.1  / . ■ 


M1I.-L-2  7 302 

o 00  F l-.st  cr 

Vo  1 y phony  1 
Kl  hi1  r 

I'cr  !'  1 nor  inat 
Vo  !_ye  t ti*'  r 

GK14/FI,  ITK-2B 

2 ,880  lb 

2.890  lb 

’ ,880  In 

i ,000  lb 

GE14/FI,ITIi-2i: 

2 , 880 

2 , 890 

2,880 

5,0  >0 

GE14/FUTE-2D 

2,940 

2 ,990 

2 ,9  SO 

1,0/0 

(IK  1 4 / FI,  1TK-2E 

2.  ,9r>0 

2,960 

2 ,9h() 

1,080 

Table  i,XX  I . M’sflon  B Impact  of  l.ubricaiU  Sc  loci  Ion 


Vo  1 /nli  nyl  IV  rfl  nor  Inat  id 


HII.-1 

27  502 

800°  FJ- 

but  cr  lit  her 

Pol  yd  ll 

ATOGW  Study  1 (lb) 
GE14/FL1TE-2B 

0 

+100 

+'<0 

+700 

ATOGW  Study  2 (lb) 
GK14/V1.1TK-  2C 

0 

+100 

+50 

M ,2  30 

ATOGW  Study  !i  (lb) 
GK14/FLITK-2I) 

0 

+ 100 

+30 

+ 1 ,230 

ATOGW  Study  4 (Lb) 
(;K14/FLITK-2K 

0 

+100 

+30 

H ,7  80 

ATOGW  = TOGW  MIL-b 

-27802 

- TOGW 

I HI 


UEL  TEMPERATURE  - °F 


C . 5 Supplemental  Studies 


In  addition  to  the  basic  Mission  B investigation  two  additional  variations 
in  fuel  heat  sink  utilization  were  investigated,  a direct  fuel  heat  sink  ECS 
arid  a cooled  engine  inleL  duct  wall  configuration. 

D.lrec t Fuel  Heat  S ink  ECS 

A direct  fuel  heat  sink  ECS  concept,  utilizing  precooled  (0°  F initial 
temperature.)  fuel  shows  distinct  advantages  in  minimizing  TOGW.  Airframe  iieat 
loads  can  readily  be  absorbed  by  Lae  'uel  and  delivered  to  the  engines  at  low 
interface  temperatures  with  moderate  temperature  peaks  during  descent,  as  shown 
in  Figure  84.  The  maximum  interface  temperature  is  experienced  oniy  during 
t tiese  phases  of  the  mission  and  the  maximum  fuel  temperature  level  is  maintained 
bv  varying  the  quantity  of  fuel  being  recirculated  to  the  feed  tank.  The  pre- 
cooled fuel-direct  fuel  heat  sink  ECS  concept  offers  significant  advantages 
over  other  candidate  concepts  i.n  terms  of  reduced  ECS  weight  and  volume 
requirement,.],  overall  system  simplicity,  and  increased  reliability.  The 
concept  is  essentially  insensitive  Lo  weight  and  volene  variations  resulting 
from  changes  in  allowable  Interface  temperature. 

An  aircraft  TOGW  of  tg3t0G0  lb  for  a precooled  JP-7  fueled  Mission  B 
interceptor  compares  very  favorably  with  other  Mission  B interceptor  TOGW's. 

The  system  dif f erences  between  the.  precooled  fuel  interceptor  and  the  lightest 
Study  interceptor  are  tabulated  in  Table  IJfXII. 


Table  LXXI.I.  Precooled  Fuel  System  Differences. 


Pr ecooled  Study  4 

ECS  Weight  (lb)  460  668 

Electrical  Weight  (lb)  344  482 

Fuel  Temperature  (°  F)  in  A/C  0 ICO 

Tankage  at  I'akeoff 

Engine /Air: fame  Interface  (Max)  104  350 


The  reduction  In  ECS  and  electrical  system  weight  are  achieved  through 
elimination  of  the  vapor  cycle  compressor,  electrical  drive,  and  numerous 
heat  exchangers.  The  lower  engine  inlet  temperature  permitted  redesign  of 
the  engine  fuel  system  which  resulted  in  the  lower  (27  lb  reduction)  engine 
weight  for  each  L00%  engine.  The  lower  fuel  loading  temperature  provides  an 
effective  2,3 7.  increase  in  fuel  density. 

A summary  of  the  individual  effects  ol’  these  differences  between  tin- 
precooled  configuration  and  Study  4 arc  tabulated  in  Table  LXXIII. 


1 H'l 


■ if 


— , — M — — -aV 


Temperature 


Table  LXX  1 1 1 . L’recooled  Fuel  Incremental  Weight  Differences. 


A TOGW  Due  t-.  ECS  Wt 

ATOGW  Due  to  Electrical  Wt 

.M’OCW  Due  to  Engine  Wt 

iVi’OGW  Due  to  Fuel  Density 

ATOGW  Due  -o  Engine  Performance 
Changes 


TOGW. 


Precooied 


TOGW 


Study 


4 


— / 8 1 lb 
-523  lb 
-504  lb 
-801  lb 

-358  lb 
2St>7  lb 


Coo  led  Engine  JjuloJ.  Duct  Wall  Coni  lgurat  Ion 

Fot  the  Studies  2 through  4 aircraft,  the  maximum  available  heat  capacity 
of  Lht'  fuel  is  used  only  during  brief  mission  phases  where  engine  fuel  require- 
ments are  Low.  For  example,  during  the  outbound  cruise  mission  phase,  fuel 
heal  cdpaeitiea  in  the  order  of  40,000  and  75,000  Blu/min  are  still  available 
fur  l he  250  and  350°  F Interface  temperature  cases,  respectively,  after  absorb  ing 
the  airframe  heal  loads.  Since  all  internal  heat  loads  are  being  absorbed  hs 
•he  fuel  and  the  structural  concept  is  designed  to  withstand  the  high  temperature 
env  i raiment  without  .active  cooling,  there  are  no  unaccounted  heat  loads  which 
could  ui  iliac  this  excess  heal  sink. 

Ih.wvor,  if  tlie  aircraft  were  to  be  fabricated  prior  to  Liu  completion  o' 
a development  program  for  .pluLe  nickel,  convent ional  high  temperature 
struct  nr.;]  i.ial  or  ini  such  as  r.eac  ■■  1 would  be  list'd.  lit  if;  wou'u  result  in  a 
large  increase  Ju  inlet  weight.  The  inlet  weight,  5,400  II)  in  .he  Mission  It 
aircraft,  would  non  use  to  over  10,00''  I li  by  changing  to  Rent’'  41.  A change 
of  this  magnitude  w.  ..id  tir't  ssll.it  f a complete  resizing  of  (lie  aircraft 
to  achieve  the  desired  acceleration  and  mission  radius.  by  tooling  the  internal 
walls  Lo  a max  Li  it  tun  temperature  of  approximately  800"  V,  tiLanium  (rather  than 
Kent’  41)  can  be  used  as  the  structural  material,  resulting  in  a proportionate 
reduction  in  inlet  weight. 

Ail  inlet  1. eating  rate  distribution  was  determined  for  the  Mach  4+  truise 
condition,  and  tee  amoun--  of  inlet  cooling  that  could  be  accomplished  was 
determined  in  terms  of  subsonic  diffuser  surface  area.  lit  both  Lite  250°  F 
and  350°  F interface  Lempor.-it  ure  cases,  the  structural  concept  ami  heat 
transport  loop  arrangement  were  considered  Lo  he  similar.  Major  differences  .. 
arc  that  -lie  latter  case  permits  more  Inlet  surface  area  to  be  cool'd  (172  ft 
versus  105  ft^)  and  require.;  larger  components  to  be  used  in  the  heat  transport 


loop.  Temperature  profiles  for  bo*‘h  cases  are  pr. -seated  in  Figure  85.  Wuen 
the  interface  temperature  is  at  the  design  limit,  some  fuel  is  recirculated 
back  to  the  fuel  tank.ige  at  the  maximum  temperature.  As  a result,  onboard 
fuel  temperatures  increase  and  the  expendable  subsystem  requirements  are 
higher  than  for  the  Studies  3 and  4 aircraft. 

The  results  of  this  «tudy  are  summarized  in  Table  LFllV.  Lxpendable 
heat  sink  requirements,  passive  Insulation,  component  weights,  fluid  routing 
provisions,  and  structural,  considerations  are  included.  The  weight  of  heat 
transfer  loop  components  are  a function  of  the  area  cooled  and  include  items 
such  as  plumbing  and  fluid  control  components.  An  increase  in  ECS  weight 
is  Incurred  because  of  an  increase  in  expendable  subsystem  requirements. 


Table  LXX1V  Results  of  Cooled  Inlet  Studies. 


Maximum  Allowable  Interface  Temperature  (°  l' ) 

250 

350 

2 

In.  t Surface  Area  Cooled  (ft  ) 

105 

172 

Reduction  in  Nacelle  Structural  Weight,  (lb)* 

-433 

-697 

Weight  of  Heat  Transport  Loop  Components  (lh) 

+197 

-322 

Increase  in  ECS  Weight  (lb) 
(Relative  to  Study  3 and  Study  4 
Conf  igurat.ions) 

+56 

+170 

Total  Change  in  OWE  (lb)* 

-180 

-195 

Total  Change  in  TOGW  (lb)* 

-672 

-730 

Weights  are  relative  to  the  use  of  Ren6  41. 


186 


SECTION  VI 


INTERCEPTOR  PERFORMANCE  SENSITIVITIES 


The  inierceptors  presented  in  Section  IV  represent  the  basic  study 
results.  The  sensitivities  of  the  interceptors  to  changes  in  design  weights, 
i ■ rig i no  performance,  mission  profile,  anil  aircraft  subsystem  design  philosophy 
•.•re  examined  and  are  presented  here. 

U esign  Weight on si t ivi t ies 

in  order  to  permit  an  incremental  analysis  of  the  effects  of  fuel  and 
; hr  leant  properties  and  system  variables  on  aircraft,  performance,  the 
.-.•■nsi  t i vlty  of  TOCW  to  small  changes  in  fuel  density;  engine  specific  thrust 
.cut  SFC;  and  the  sensitivity  of  wing  area  to  OWE  were  determined.  These 
. ■ -;s t L i v it ios  can  be  used  independently  or  in  combination  to  determine  changes 
interceptor  size  and  weight.  They  should  net  be  extrapolated  beyond  the 
' ts  of  Lilt'  figures. 

A.l  Fuel  Density  Effects 

At  tlie  inception  of  this  investigation,  two  fuels  were  selected  to  permit 
.nlu.it  ion  of  the  effects  of  fuel  thermal  limits  on  engine  performance  and 
. ■■nil  ting  airciaft  size.  Since  the  chosen  fuels  ^JP-5/8  and  .IT-  7 ) have 
ter.  nl  average  densities  (31.8  and  49./)  lb/ft  , respectively),  ii  was 
.■•  itled  tii.it  the  missie'  should  he  performed  with  a constant  fuel  density  of 
;.s  lb/l  L i.  This  density  is  represent.-.  i-v  of  an  advanced  liigh  stall  i 1 i t:y 
•■  ■ rogi-n.  1 1 ed  t'  iii- 1 as  well  as  existing  .1 1’~  a / X . Xlnnil.l  a future  high  volume 
.and  hi  est .in  1 i sheil  lor  high  stability  i"cl,  a hyilrngen.il  ion  proi  i . s 
'I  proi.ahly  he  »’equ  i red  ” meet  lb  demand  . This  process  can  be  tailored  ic 

■ • * id**  pio.iu.t  densilic:.  :n  the  ne  i ghliorhood  of  3I..3  lb/ft 

It  thi'  fuel  dens  it*,  i • permitted  to  vtrv,  (lie  he  efits  of  increased  fuel 
• rmal  limits  can  be  massed  by  density  id' feels.  As  shown  in  Figure  fib,  a 
■.use  iii  fuel  density  to  L ha  L of  TP-7  would  result  in  an  HSO  li>  increase  in 

■ I.,  mainlaii.  const  an!  mi  •••si  on  perl  irntar.ee . I'll  is  increase  in  weight 

■ ■■  .nits  Iron  increased  lank  size  to  accommoilat  e l lie  equivalent  weight  of  I nel  , 

. - I h in  turn  requires  ail  add  ! L iona  I increase  in  fuel  reqn  i ; emeu  is  ami  a i feral  t 
• I re  /we  i gii  l . 


In  order  Lo  permit  evalual  Lon  of  a 
;■  ’.uses  densities  from  43  to  33  lh/ft’. 

■ ' P.t  effort  towirds  l tie  higher  densities 
I ze , I liorl  i tins  area  has  spawned, 
h'-lween  allowable  fuel  cost  increment  a 
n,:o.  ii  tlie  aircraft  size  is  reduced, 
:ec reuse , wliich  can  In  itself  justify  a 
i lie  rear,  i ng  dens  i I v . 


wide  range  "I  fuel.  Figure  Mb  eneom- 
l(  Is  apparent  that  future  fuels  develop 
; can  prove  I'.'iiof  ic  li!  in  tcn.is  of  aircr.i 
However,  a ha  lance  must  lie  established 
s a limit  ion  of  density  md  a i ■ craft 
L I it*  result  ing  system  cosi  wi  1 I also 
moderate  increase  in  1 1 1 « • 1 cost  with 
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Change  in  TOGW  (lb) 


A . 2 Propulsion  Sensitivities 


Higher  fuel  heet  sink  can  permit  improved  engine  performance  as  realized 
for  both  the  GE16/FLITE  engines  and  the  GE14/FLITF.  engines.  These  improvements 
can  be  reflected  in  increased  specific  thrust  and  reduced  SFC.  The  TOGW/Speci f i c 
Thrust  sensitivity,  Figure  87,  and  the  TOtJW/SFC  sensitivity,  Figure  88  are 
based  on  a uniform  improvement  over  the  entire  baseline  mission  profile.  These 
sensitivities  con  be  used  fur  first  order  approximation  of  the  impact  of  fuel 
thermal  limits  on  aircraft  TOGW  as  affected  by  propulsion  system  characteristics. 

A . 3 Operating  Weight  Empty  and  Wing  Area  Effects 

The  takeoff  gross  weight  sensitivity  due  to  operating  weight  empty  pertur- 
bations is  presented  in  Figure  89.  The  dependence  of  wing  area  (Sy)  on  OWE 
is  presented  in  Figure  90.  These  sensitivities  were  determined  through 
perturbations  in  OWE  ollowed  by  resizing  to  the  constant  baseline  mission 
radius  and  acceleration  time  through  the  use  of  growth  curves.  The  resulting 
growth  factor  is  4.01  (TOGW) /lb  (OWE).  This  configuration  lias  a wing  area 
sensitivity  of  23  ft^/lOOO  lb  (OWE). 
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SECTION  VII 


CONCLUSIONS 


Two  mission  profiles  were  defined  and  investigates,  one  for  a Hach  3+ 
interceptor  and  the  other  utilizing  an  interceptor  viLli  Mach  44-  capability. 

Two  thermodynamic  classes  of  fuels,  JP-4/5/6  and  U-7  were  studied  along  with 
four  fluids  used  in  both  the  lubrication  and  fluid  power  system,  Ml  L-I.-2  7502, 
a hypothetical  500”  F ester,  polyphenyl  ether  and  per f luorinated  polyuLhor. 

The  results  were  measured  in  terms  of  engine  weight,  engine  performance  improve- 
ment and  aircraft  takeoff  gross  weight. 

The  primary  conclusions  are; 

u JP-5/8  fuel  and  MLL-L-275G2  lubricant/hydraulic  fluid  ar  ■ 
recommended  for  the  Mich  3+  interceptor  while  a fuel  with 
JP-7  thermal  stability  and  a 500°  F ester  lubricant/hydraulic 
fluid  are  recommended  for  the  Mach  4+  interceptor. 

o For  the  range  of  temperatures  investigated,  both  the  Mission  A and 
b interceptors  benefit  from  increasing  interface  fuel  temperatures. 

0 Higher  thermal  stability  fuels  are  thermodynamically  feusibl.  • lor 
improving  engine  performance  when  used  in  fuel/air  heat  exchanger 
systems . 

u un  a bulk  oil  temperature  basis  Liu  capability  of  Ml  1.- 1.-27302  is 
considered  to  be  t lie  minimum  necessary  to  satisfy  Mach  3+  and 
Mach  44  advanced  militurv  system  re>m  i rcmen t s . Above  this  level 
tiit’  influence  of  in, Ik  oil  tempera  lure  has  only  secondary  ‘uflucnce 
on  interceptor  pci  I ormance . 

a fse  of  pi  i a.'-- led  1 1 1 1 * 1 provides  a"  attractive  option  Lo  achieve  a 
aired  round  Lou  in  airdatl  si.u  anil  weight. 

0 Mission  A Cl.u  I,  i-s  - Thermal  stabilil.v  of  Jl’-5/H  fuels 

appe  irs  adeouaie,  or Iv  mi  not  pci  : ormance  imp  rot ement s associated 
with  higher  ' tab-.  lily  fuels. 

1 Mission  !’,  (Macii  441  - Thermal  stability  of  JP-5/8  cla-us  lueis 

allows  :i;.n  : a.i  1 e;  oration  (with  degraded  performance)  . Hip, her 

stahilif-  ! ai  Is  (Jl’-7  class)  enables  significant  performance 
impno'cmi  lit  ter  the  combination  cvcle  engines. 

1 be  fuels  and  lubricant;  studied  in  the  program  can  all  satisfy  Liu  Mission 
A and  Mission  1J  heat  sink  requirements,  howe/cr  me  lower  temperature  eomoina- 
tions  require  increased  system  complexity  and  weight.  The  Mach  34  mission  can 

be  adequately  performed  using,  IP-'i/H  fuel  and  M 1 1- 1.-27502  lnbrican'  and  hydraulic 
fluid  without  incurring  severe  penalties  to  either  engine  or  aircraft  system 
design  ind  perfnrni<ar.ce.  Mission  H can  be  performed  with  JP-5/8,  but  fuel 
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temperatures  exceeding  Lhc-  current  unlimited  service  thermal  stabiliLy  limit  of 
325°  F to  approximately  500°  F provides  adequate  margin  for  the  Mach  4-:  inter- 
ceptor. A 500°  F bulk  o^l  temperature  capability  also  provides  acceptable 
lubricant/hyd raulic  fluid  performance. 

Ttie  lightest  weight  aircraft  were  obtained  using  JP-7  luti  for  boLh  Mis- 
sion A and  Mission  B.  The  elevated  thermal  stability  of  JP-7  permits  addi- 
tional heat  sink  utilization  concepts  to  by  incorporated  inLo  the  aircraft/ 
engine  designs,  improving  engine  performap.ee  and  reducing  aircraft  FCB  weight 
and  complexity.  These  performance  improvements  become  significant  when  fuel 
temperature  levels  approaching  current  research  values  (1000°  f)  are  utilized. 
When  maintainability,  reliability  a. id  life  beeon  ■ factored  into  an  actual 
interceptor  configuration,  the  use  of  JP-7  may  also  be  considered  as  being 
more  desirable. 

Both  the  Mission  A and  B interceptors  bond  it  from  increasing  interface 
fuel  temperatures.  Advantages  gained  in  increasing  tiie  airframe  heat  sink 
allotment  offset  the  reduction  in  engine  performance  caused  by  the  removal 
of  the  LP  turbine  cooling  air  cooler  From  tiie  GFlo/FLlTK-LC  engines.  Fur 
Mission  B,  the  engine  performance  increases  with  increasing  interface  tempera- 
ture. This  reflects  the  increase  in  combustor  efficiency  and  Lhe  ability  to 
use  the  rambumcr  liner  cooling  air  fucl/nir  coolers  at  Lhe  higher  interface 
temperatures. 

The  definition  of  an  BP  Uirnine  fuel/uir  heat  exchanger  for  the  tllij.b/ 
FHTE-1C  engine  and  the  design  of  the  rantburner  .liner  cooling  air  fuel/air 
cooler  for  the  GE14/FL1TK-2D  engine  established  the  thermodynamic  feasibility 
for  beat  exchanger  systems  to  improve  engine  performance.  Much  further  work 
needs  to  be  done,  however,  in  establishing  the  design  and  performance  criteria 
for  actual  system  designs. 

From  an  incremental  bulk  temperature  l>a:.iu  Lhe  candidate  lubricants  with 
the  exception  of  per f luor ina t od  polyetlicr  have  only  secondary  .influence  on 
interceptor  performance.  Significant  weight  increases  were  obtained  with  the 
per f luorinated  fluid  due  to  its  low  bulk  moduli";  and  high  vapor  pressure. 

Beyond  this,  however,  d i.f  fereuces  in  hulk  oil  temperature  capability  above  a 
minimum  level  as  defined  by  M1L-1.-27502  (423°  I'l  were  net  of  enough  significance 
to  permit  a clear-cut  lubric.niL/hydraui ic  1 laid  decision  The  recommended 
lubricant/hydraulic  fluids  of  Ml  I.- 1.-2  7502  and  300°  F ester  lor  Mission  A and 
Mission  B respectively  were  selected  when  the  other  laitois  affecting  system 
operation  such  as  operational  service  life,  hot  spot  stability  and  vapor  pressure 
were  considered. 

An  attractive  design  option  in  terms  of  interceptor  size  and  weight  is 
through  the  use  of  precooled  fuel.  The  use  of  this  technique  in  supplemental 
studies  for  both.  Mission  A and  Mission  IS  produced  significantly  lighter  inter- 
ceptor designs. 

And  finally,  the  key  factor  to  the  future  success  of  advanced  aircraft/ 
engine  systems  is  the  integrated  systems  approach  to  thermal  management.  Close 
ccopi.atlon  between  the  engine  and  airframe  manufacturers  is  mandatory  il  these 
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systems  art:  to  jrhLeve  a high  level  of  ell  I < ■ i t ■ n * oper.it  iun  while  at  i I I in. 
pora  l ing  on.  rout  or  near-teim  fuels,  luhrieants,  ami  livtlraul  if  fluid...  il 
air  f rame/e  ng  i no  system  inLej'.rat  j un  eoncept:;  graph  I.  a I I v demons!  rat  ed  in  tl 
program  should  he  applieable  to  all  future  prop,!',  uir. , not  just  ( hose  involt 
high  flight  speeds. 
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SECTION  VIII 


RECOMMENDATIONS 


Determine.!  ion  of  performance  effects  on  an  installed  engine  basis  (air- 
plane performance  Increments  for  a f ixed  mission  design)  enables  evaluation  of 
existing  fuel  and  lubricant  capabilities.  Payoffs  for  research  and  develop- 
ment alternatives  are  identified  on  a relative  performance  basis.  It  is 
recommended  that  development  in  the  foi Towing  areas  be  pursued: 

o Higher  density  and  lower  cost  alternatives  to  achieve  JP-7  class 
thermal  stability. 

o A 500°  F buLk  oil  temperature  capability  lubricant, 

o High  temperature  fluid  system  components. 

o Electronic  control  systems. 

o High  temperature  fuel/air  heat  exchangers. 

o Aircraf t/engine  thermal  management  practices  for  near-term  applica- 
tions . 

o Operational  and  performance  implications  of  precooled  fuel. 

With  the  technology  assumptions  for  the  mid  1980  Lime  period,  JP-5/8 
fuel  was  found  to  be  adequate  for  Mission  A and  only  small  weight  reductions 
were  achieved  by  using  the  higher  stability  JP-7.  However,  due  to  possible 
limitations  in  the  areas  of  maintainability,  reliability,  and  life  and  due  to 
the  marginal  nature  of  JP-9/8  in  the  Mission  !'  application,  development  of  a 
higher  density  high  stability  fuel  is  recommended.  A thermal  stability  greater 
than  700"  F and  a d ensile  greater  then  91.8  !h/ft*  can  potentially  be  achieved 
through  low  cost  refinery  processing  of  kerosene  fractions.  The  cost  of  the 
fuel  is  considered  to  he  of  primary  importance  if  the  benefit,  of  higher  thermal 
stability  are  to  he  translated  into  reduction  in  a ircraft/engine  program  costs. 

During  the  FI.  ITE  Program  it  was  found  Lliat  lubricants  with  bulk  oil  temper- 
ature capabilities  of  500°  F provided  acceptable  lv.br  icat  ion  system  performance. 
Oil  temperature  capabilities  below  this  value  tended  to  produce  increased 
degradation  effects  and  decreased  service  life  of  Lite  lubricant  while  the  per- 
formance gains  for  higher  bulk  oil  temperature  capabilities  wet e negligible, 
tor  these  reasons  development  of  a 900°  F lubricant  ts  recommended.  In  addition 
the  other  lubricant  properties  such  as  viscosity,  auto i gnil ion  temperature,  tnd 
vapor  pressure  would  need  Lo  he  factored  into  the  investigation. 

Satisfactory  opera  t ion  of  fuel  delivery  and  fluid  powr  system  components 
have  been  proven  with  the  present  primary  type  IPs,  JP9,  Jet-A  and  Jot  — 14  fuels, 
and  Mil. -1.-7808  and  M 1 1.-1.-71699  hydraulic  lluids  or.  present  operational  type 
alicrafl  . However,  i;  should  he  uoLed  that  i luiil  pumping  and  metering  i >r 
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these  present  engine  fluids  is  being  accomplished  at  temperature  levels  below 
the  325°  F maximum  limit  for  ti.e  fuels  and  425°  F maximum  bulk  'll  tempera- 
ture for  hydraulic  fluids.  Although  some  component  experience  at  elevated 
temperatures  was  achieved  during  the  XB70  and  SST  engine  programs,  the  high 
temperate >-e  ioiids  and  the  operating  environments  of  tin;  C.I  16/FLITF  and  the 
GE14/FLITE  engines  would  require  signiiicani  component  development  effort, 
in  the  early  stages  of  initial  concept,  therefore,  it  is  recommended  that  scale 
or  subcomponent  tests  be  performed  on  system  components  w-  bin  the  expected 
fluid  temperature  ranges  and  simulated  environments.  These  tests  will  develop 
the  accuracy,  temperature,  compensation,  control  stability  criteria,  and 
volumetric  metering  characteristics  required  for  the  fuel  delivery  and  fluid 
power  systems.  It  is  anticipated  that  scale  or  component  tests  will  also 
establish  shaft  seal,  callows,  dynamic  piston,  and  static  seal  designs  for 
the  systems. 

Precise,  responsive  control  of  engine  thrust  is  a prime  requirement  for 
the  GE16/FLITE-1  and  OKI  4/FHTF.-2  ..ypes  of  engines.  Operation  in  critical 
Mach  temperature  areas  and  integration  with  the  aircraft  systems  may  require 
a greater  degree  of  complexity  Ilian  in  existing  designs.  Continued  investiga- 
tion of  electronic  control  systems  compatible  with  the  anticipated  temperature 
environments  is  recommended. 

One  of  the  primary  reasons  for  the  significant  weight  red; ctions  achieved 
through  the  use  of  JP-7  in  Mission  B was  the  incorporation  of  the  ramburner 
liner  cooling  air  fuel/air  coolers.  These  heat  exchangers  were  located 
immediately  upstream  of  the  ramburner  distribution  manifolds.  These  heat  ex- 
changers permit  a 50  percent  reduction  in  cooling  air  needed  for  the  ramburner 
liner  and  1 he  exhaunt:  nozzle . To  gain  this  increased  engine  performance,  how- 
ever, it  was  necessary  to  allow  high  temperature  peaks  approaching  1000°  F. 
Although,  the  design  and  location  of  the  heat  exchangers  minimize  the  residence 
time  at  these  temperatures,  little  is  known  about  the  properties  or  the  per- 
formance of  JP-7  ai  these  conditions.  Ll  is  recommended  that  programs  of  fuel 
property  definition  and  heat  exchanger  design  and  performance  at  elevated 
temperature  conditions  be  further  explored. 

Both  Mission  A and  B interceptors  nenefit  from  increasing  interface  tempera- 
lures.  Advantages  gained  in  increasing  airframe  fuel  heat  sink  allotment  have 
oiTset  any  reduction  in  engine  performance  for  Mission  A.  For  Mission  B,  the 
engine  performance  increased  with  increasing  interface  temperature  due  to 
improved  engine,  cycle  thermal  efficiency.  Reeoiumendai  ions  concerning  engine'' 
airframe  fuel  interface  temperature  include  an  assessment  o)  current  design 
practices  and  system  specifications  which  limit  the  interface  Lemperat.ure  to 
approximately  200°  F.  The  present  generation  of  military  aircraft  are  approaching 
the  limits,  of  these  current  guidelines,  inquiring  an  alternate  systems  (engine 
and  airframe)  design  approach  tor  the  continued  use  of  high  availability  JP-4/5/8 
type  fuels. 

Application  of  thermal  management  from  an  aircra t t / eng i no  integrated 
systems  approach  could  enable  quantification  of  the  limits  of  existing  fuels 
and  lubricants  as  applied  to  near  term  evolutionary  aircraft  designs.  This 
could  pave  the  way  for  improved  performance  resulting  from  increased  use  of 
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fuel  to  satisfy  aircraft  system  heat  loads.  The  evaluation  and  comparison  of 
the  overall  performance  effects  resulting  from  variations  in  the  allocation 
of  fuel  heat  sink  should  be  identified  along  with  the  effects  of  systems  and 
fluids  technology  improvements.  The  major  objective  of  such  a program  would 
be  to  formulate  ;uidelines  for  future  aircraf t/engin<_  fuel  system  designs  which 
would  stress  an  integrated  approach  to  maximize  installed  systems  performance 
and  to  provide  a basis  for  uniform,  compatible  engine  and  airframe  specification 
revisions . 

An  attractive  design  option  in  terms  of  interceptor  size  and  weight  is  the 
use  of  precooled  fuel.  The  overall  effects  of  precooled  fuel  on  "chicle  pel — 
formance  have  been  identified  in  terms  of  reduced  aircraft  and  ECS  weight/com- 
piexity;  however,  other  factors  should  be  investigated  to  develop  a complete 
understanding  of  the  advantages  and  drawbacks  of  this  concept.  A slight 
Increase  in  fuel  cost  would  result  from  the  precooling  operation  together  with 
increased  ground  support  equipment.  These  cost  increments  must  be  evaluated 
against  the  reduced  total  program  costs  resulting  from  the  aircraft  size 
reduction  and  aircraft  subsystems  simplification.  Previous  investigations  of 
a similar  nature  have  indicated  the  desirability  of  reduced  size  and  complexity 
at  the  expense  of  increased  .round  support.  An  investigation  of  these  para- 
meters with  application  potential  to  near  term  military  aircraft  systems  is 
strongly  recommended. 
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